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This dissertation is an observational exploration of the exciting physics
that can be enabled by high-speed photometric monitoring of extremely low-mass
(ELM, < 0.25 M) white dwarf (WD) stars, which are found in some of the most
compact binaries known. It includes the cleanest indirect detection of gravitational
waves at visible wavelengths, the discovery of pulsations in He-core WDs, the
strongest evidence for excited p-mode pulsations in a WD, the discovery of the
first tidally distorted WDs and their use to constrain the low-end of the WD mass-
radius relationship, and the strongest cases of Doppler beaming observed in a bi-
nary system. It is the result of the more than 220 nights I have spent at McDonald
Observatory doing high-speed photometrywith the Argos instrument on the 2.1 m
Otto Struve telescope, which has led to a number of additional exciting results, in-
cluding the discovery of an intermediate timescale in the evolution of cooling DA
WDs and the discovery of the most massive pulsating WD, which should have an
ONe-core and should be highly crystallized.
WDs are the electron degenerate remnants of stars that have exhausted core
nuclear burning, and represent the end-points of stellar evolution for all stars with
ix
initial masses below about 8M, which includes more than 97% of all stars in our
Galaxy. About half of stars in the Milky Way go through stellar evolution as sin-
gle stars and end up as typical Earth-sized, 0.6M carbon-oxygen-core WDs. The
remaining half evolve in binaries, including short-period systems, where stable or
unstable mass transfer can take place in the late stages of their evolution. Many
short-period binaries go through one or two common-envelope phases, which effi-
ciently removes enough mass to prevent ignition of helium to carbon and oxygen,
leaving an underweight WD with an He core.
TheGalaxy is not old enough to produce low-mass (< 0.4M)WDs through
single-star evolution. ELMWDs are thus excellent signposts for compact binaries,
which may be strong sources of gravitational waves and possible supernovae pro-
genitors. Low-mass WDs have been known for some time as pulsar companions,
but recently their numbers have grown dramatically as a result of the ELM Survey,
a targeted spectroscopic search for low-mass WDs. The results here detail follow-
up of many of these exciting new compact systems with time-series photometry.
We present high-speed photometry of 20 low-mass WDs in compact bina-
ries with unseen companions, all of which have orbital periods less than 4 hr. We
use the discovery of the first eight tidally distorted WDs to constrain the mass-
radius relationship for He-core WDs, and use the Doppler beaming signals ob-
served in 10 of these compact binaries to verify the high-amplitude radial-velocity
observations. The shortest-periodbinaries are strong sources of gravitational waves,
and we expect to use the time-of-minimum of those that display ellipsoidal varia-
tions to detect orbital decay from this radiation, which carries away orbital angular
momentum.
In fact, we have already detected the signature of orbital decay from grav-
itation wave radiation in the most compact detached WD system ever discov-
x
ered, J0651+2844. This 12.75-min WD+WD binary exhibits primary and secondary
eclipses, since it is inclined nearly edge on with Earth. These eclipses allow us to
constrain the radii of both WDs, and provide an excellent clock of the orbital pe-
riod. By measuring the changing mid-eclipse times we have shown that the orbit
is decaying at a rate in line with the expected decay from general relativity, the first
such detection at visible wavelengths.
Just as with normal-mass DAs, these hydrogen-atmosphere WDs should
develop a hydrogen partial-ionization zone that drives pulsations when they cool
to the appropriate effective temperature. Searching a wide parameter space, we
have discovered the first five pulsating ELMWDs, which are the coolest and lowest-
mass WDs known to pulsate. The observed luminosity variations have relatively
long periods and aremost likely the result of surface temperature variations caused
by global, non-radial g-mode pulsations. In the two lowest-mass pulsating ELM
WDs we see significant evidence for shorter-period oscillations that are best ex-
plained as acoustic (p-mode) pulsations. Asteroseismology will go a long way in
testing that these low-mass WDs indeed have He cores, and can also probe the
star’s hydrogen layer mass and rotation rate, which in turn constrains hypothe-
sized residual hydrogen burning and tidal synchronization, since we have detected
close, unseen companions in three of these systems.
Motivated by the discovery of pulsations in low-mass, He-core WDs and
the prospect asteroseismologyholds for discerning the interior composition of these
stars, we have searched for pulsations in ultramassive WDs, as well. This search
has yielded the most massive pulsating WD ever found, GD 518, a 1.2 M WD
which may have a highly crystallized oxygen-neon core. This dissertation has thus
uncovered both the lowest- and highest-mass pulsating WDs, objects which will
shed considerable light on the late stages of binary and stellar evolution.
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Chapter 1
Introduction and Astrophysical Context
The cloudless sky is wet with stars, silently burning in the distance. Stand-
ing on the catwalk, I am surrounded by a soundless cosmic sea. A dry wind shakes
noise into the void, joining the quiet hum of gears guiding the 2.1m Otto Struve
telescope here at the McDonald Observatory.
But my eyes are fixed on stars a-singing. My ears useless, I see their notes
dance on screen, keeping nearly perfect time in the quiet night. They are ringing
with their secrets.
This dissertation is about variable white dwarfs, dying stars that can pulse
like a heartbeat or whirl like a top. The tones they make are so consistent that we
on Earth, dozens to hundreds of light years away, can learn a great deal about them
by measuring their notes or detecting any subtle changes in their music.
Watching their brightness change from night to night, year to year, we can
explore low-mass white dwarfs in ways that we otherwise couldn’t. Most of these
low-mass white dwarfs have nearby companions, and we can infer their physical
extent if these stars eclipse or are tidally distorted. Some are speeding around their
binary companions so quickly that Einstein’s special relativity is relevant, beaming
a large bit of light toward Earth as the stars approach on every orbit. With luck,
we can watch the most compact of these systems spiral into one another as they
lose orbital energy from the emission of gravitational waves. Most uniquely, we
can investigate the internal constitution, among other things, of these dying stars
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using pulsations, global starquakes that can reveal the secrets of a star’s interior.
This dissertation applies the tools of time-series photometry to understand
the properties and future of low-mass white dwarf stars. It is the result of an ex-
tensive observing campaign from several optical telescopes, but the vast majority
of data were taken with the Argos instrument on the 2.1 Otto Struve telescope at
McDonald Observatory, where I have had the pleasure to spend 220 nights on 29
different observing runs from 2009 August to 2013 April. Having spent the equiv-
alent of more than sevenmonths at the telescope, I’ve had the fortune to find many
other exciting and interesting things along the way.
This chapter serves as a basic introduction to the concepts that will be dis-
cussed and applied throughout this dissertation. I have written it at a level that
I hope my parents can understand, neither of whom have an advanced degree in
astrophysics, in the hopes that they can fully appreciate why I’ve spent nearly one
in five nights over the last three years in west Texas. However, it will also have
information that even a seasoned reader may find useful.
1.1 White Dwarfs: The Impossible Stars
In many ways, I owe this dissertation to Sirius, the brightest star in the
northern hemisphere, located very near the recognizable constellation of Orion.
This is in part because Orion and its neighbors have kept me company in the sky,
the spot where I rest my gaze for much of a long winter’s night. More specifically,
though, I should honor Sirius B, the companion to Sirius A that is 10,000 times
fainter and can only be seen through a telescope. It was one of the first white
dwarf stars discovered, and posed a rigorous challenge to early physicists.
As with many discoveries in astronomy, Sirius B was first inferred before
directly observed, when FriedrichWilhelm Bessel detected a wobble in the position
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of the bright Sirius A in the 1840s. This wobble was caused by the then-unseen
white dwarf, which astronomers were eventually able to directly observe by the
end of that century. There are many objects in this dissertation that are still merely
wobbles, unwilling to share enough light for our Earthly detectors. For now, we
are forced to only infer their existence.
By the 1920s, astronomers had a good grasp of some fundamental proper-
ties of Sirius B, but the results were unsettling. The object had a mass comparable
to that of the Sun, packed into a volume roughly the size of Earth. Such a result
required an immensely dense star, a million times more dense than the Sun. There
was simply no way to imagine a Sun’s mass worth of even the smallest atom,
hydrogen, packing into such a small volume without being ionized. Sir Arthur
Eddington was especially troubled at what would happen if such an ionized star
cooled and the energy to keep the atoms ionized was no longer there; he famously
referred to white dwarfs as “impossible” stars in his seminal work on the stellar
mass-luminosity relation (Eddington 1924).
Fortunately, physicists like Eddingtonpondered impossible stars at the time
of the quantum revolution, which provided a way to reach such high densities
via the uncertainty principle. This was first shown by R. H. Fowler, who posited
in 1926 that quantum mechanics could indeed pack material into such a compact
state (Fowler 1926). Specifically, Fowler showed that the degenerate electrons could
have a pressure much higher than the ions. We now refer to this as electron de-
generacy pressure: As the space between free electrons gets smaller the average
momentum of the electrons gets higher, providing a powerful source of pressure,
enough to hold up a star a hundred thousand times denser than lead.
For a stable star to exist it must satisfy hydrostatic equilibrium and main-
tain a steady balance between the strong gravity pulling inward and the internal
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pressure pushing outward. A main-sequence star like the Sun is able to support
itself by fusing hydrogen to helium, which releases enough energy to hold a solar
mass of material (1M) at bay. Electron degeneracy pressure is at work to hold up
the white dwarf stars.
We know now that a white dwarf star is a star at the end of its life cycle,
and it is essentially the burnt-out core of a star like the Sun, the ashy byproduct
of previous epochs of nuclear fusion. White dwarf stars no longer fuse elements
in their interior to generate energy; for the significant majority of a white dwarf’s
existence it is simply cooling, like a coal ember removed from a fire (Mestel 1952).
These stars are deeply personal, since we expect our Sun will become a
white dwarf when it exhausts its internal energy generation in a bit more than five
billion years. They are also excellent tools to understanding stellar evolution for
stars of all masses below about eight times the mass of our Sun. Stars in binary
systems will also evolve into white dwarfs, and slower-evolving companions can
strongly influence the fate of these stars, as we will soon see.
1.2 Extremely Low-Mass White Dwarfs
Thanks mostly to the Sloan Digital Sky Survey (SDSS), we now know of
more than 25,000 spectroscopically identified white dwarf stars. The vast major-
ity, more than 80%, have outer atmospheres composed entirely of hydrogen, as
their strong surface gravities have caused the heavier elements to sink down out
of visibility (Kleinman et al. 2013). All of the objects in this dissertation are such
hydrogen-atmosphere white dwarfs, belonging to the spectral class DA.
The SDSS has also given us an opportunity to take census of the range of
white dwarfs masses. This mass distribution peaks at about 0.6M (where M is
the mass of the Sun), and the mean mass for white dwarfs has been determined
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by multiple methods to fall near this value (Falcon et al. 2010, Tremblay et al. 2011,
Kleinman et al. 2013). It is likely that the progenitor of a typical 0.6M white dwarf
was a roughly 2.5 M star that sustained an epoch of fusion from hydrogen to
helium, exhausted that core hydrogen, then expanded into a red giant, and finally
fused that remnant helium to carbon and oxygen. Along the way it lost a majority
of its initial mass, eventually leaving behind its remnant, exposed core: a white
dwarf.
However, we also observe white dwarfs in nature with considerably higher
and lower masses. These low-mass white dwarfs are interesting for a number of
reasons, and make up the central focus of this dissertation.
For one, an isolated low-mass white dwarf stars cannot be formed within
the finite age of the Universe, about 13.8 billion years. Since white dwarfs are the
endpoints of stellar evolution, a star must go through its other phases, all of which
take some amount of time. More massive stars live fast and die young, and shine
bright enough to burn through their fuel quickly. But low-mass stars burn through
their fuel much more slowly; a main-sequence star with an initial mass of 0.5 M
burns its hydrogen to helium for more than 50 billion years before it evolves its
way down to its final white dwarf cooling stage.
Such is the fate for a single star burning on its lonesome, like our Sun. But
the Universe has a trick up its sleeve: Binary systems composed of at least two stars
orbiting relatively closely to each other. More than half the stars in our Galaxy
form in such binary systems, so they are quite common. The gravitational pull
from a binary companion is often responsible for stripping stars of more mass than
otherwise would be removed, leaving behind underweight white dwarfs. Often a
companion can strip the now-low-mass white dwarf of enoughmass to prevent the
ignition of helium in its core, and the lowest-mass white dwarfs likely harbor cores
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of degenerate helium. The star was unable to fuse its core helium into any heavier
elements.
These low-mass white dwarfs are therefore excellent signposts for close bi-
nary systems. As Tom Marsh has suggested, low-mass white dwarfs need friends
(Marsh et al. 1995).
The first extremely low-mass white dwarfs (≤ 0.25 M) were initially in-
ferred (and later directly observed) as companions to millisecond pulsars. How-
ever, thanks to an extensive spectroscopic search using color selection from the
SDSS known as the ELM Survey, we now know of several dozens of low-mass
white dwarfs in nature. All of the low-mass white dwarfs discussed in this dis-
sertation were discovered through the ELM Survey (Brown et al. 2010, Kilic et al.
2011a, Brown et al. 2012, Kilic et al. 2012, Brown et al. 2013).
1.3 Time-Series Photometry
Having identified the targets of this dissertation, I should now briefly in-
troduce the means to the end of studying these stars. Fortunately, time-series pho-
tometry is one of the simplest ways to observe an astrophysical object. The con-
cept is startling simple: Time-series photometry is essentially a time-lapse movie
of how the brightness of an object changes with time. We draw a circle (aperture)
around some target, count up all the photons we detect from the source, and see
how each subsequent exposure compares to the mean number of photons from
that source over a few hours of observations. Our light-counting device is a high-
grade charge-coupled device (CCD), a more expensive version of the chip used in
modern cellphone cameras.
White dwarf stars are intrinsically faint; the brightest we ever discuss in this
dissertation is still more than a million times fainter than faintest star visible to the
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naked eye. Thus we require a moderate 2-meter-class telescope for our observa-
tions. Fortunately, the Argos instrument, which sits at the prime focus of the 2.1m
Otto Struve telescope at McDonald Observatory, gathers enough light to make the
measurements we require (Nather & Mukadam 2004). In most cases, we can reli-
ably detect at least 0.1% brightness variations with timescales of a few hours or less
over a few nights worth of observations. There are very few objects in the sky that
change in brightness with such high amplitudes over such short periods, but some
of our white dwarf targets do just that.
However, things are never so simple as point-and-shoot. We must keep
meticulous record of the absolute times of our observations, so that we can reliably
compare our brightness changes in 2010 with those in 2013. We accomplish this us-
ing a GPS-conditioned trigger for our camera. The Earth’s atmosphere, which we
must peer through from the ground, is variable on all number of timescales, espe-
cially on the order of a few hours. We must be careful to distinguish the signals in
our data caused by Earth’s sky from those truly in the star. And the harsh environ-
ment of the observatory, from strong winds to temperatures well below freezing,
can challenge our equipment.
For example, on the second night of our original discovery of the pulsa-
tions in extremely low-mass white dwarfs (J1840, see Chapter 4), the serial cable
running from the camera to our data acquisition computer actually failed, and re-
quired a soldering the next morning. An exciting discovery of arguably a new class
of pulsating stars was almost postponed due to a loose wire! Additionally, we were
frustrated for months by a bad ground in the Argos instrument, which would in-
termittently (and often repeatedly) overwhelm our observations with static electric
noise. Only when a creative colleague isolated the problem in 2011 January were
we offered some relief.
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More detailed information about our observational setup can be found in
Appendix A. While at times simple, this dissertation makes clear the many op-
portunities for cutting-edge discovery that remain possible using a simple camera
mounted on a 75-year-old telescope.
1.4 Seeing Einstein’s Effects in White Dwarfs
There is rarely amonth that goes bywithout a popular science article scream-
ing in a headline about “Einstein proved right” or “was Einstein right?” In fact, the
results in Chapter 3 of this dissertation were picked up in some highly circulated
news outlets under a similar heading. This is due to the fact that Einstein’s ideas
still have the staying power to captivate modern audiences, and the extreme en-
vironments of white dwarf stars offer two tangible ways in which humans can
directly observe both special and general relativity.
Special relativity introduced the concept that an observer’s frame of refer-
ence compared to a source must be considered; it decoupled the notion that time
and space were the same for all observers, and gave us situations where time and
space can dilate or contract depending on an observer’s motion relative to a source.
Doppler beaming is an excellent and specific example of special relativity in
action; it is a measurable effect for many compact binaries composed of at least one
low-mass white dwarf (see Chapter 2). Doppler beaming essentially derives its
amplitude from a Lorentz transformation of the opening angle of radiation from
an object, which causes an increase in observed flux from a rapidly moving source
toward our line of sight.
Imagine an object that is radiating away energy equally in all directions. If
we fully account for special relativity in our treatment of the angle of how such light
is emitted from a source, we find that the angle of the emission depends slightly
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on the velocity of the source. If the motion is fast enough in the direction of an
observer, the radiation can be “beamed” toward that observer. Mathematically, if
the source is at rest, the angle of emission is simply cosα′ = cosα. However, if the
source is in motion then
cosα′ =
cosα+ V
1 + V cosα
where V = v/c is the dimensionless radial velocity of the source (its motion toward
or away from an observer). There is a similar dependence on the frequency of the
emitted radiation with the source velocity, but the dominant factor contributing
to Doppler beaming of a ∼ 10,000 K white dwarf comes from the beaming of the
opening angle of the radiation (Zucker et al. 2007).
This Doppler beaming introduces a detectable modulation in the flux of a
source that is approaching or receding. In fact, we see this effect in half of the 20
compact, low-mass white dwarf binaries discussed in Chapter 2, since many of
these stars are orbiting so rapidly. Thanks to the ELM Survey, we typically know
the radial-velocity amplitude of these systems from spectroscopy, and Doppler
beaming yields little new information about our binaries. Still, it is an exciting
confirmation of special relativity we can see in the white dwarf stars. Up until the
start of this decade, Doppler beaming had never been observed from the ground
(Shporer et al. 2010); it’s now something we do routinely with low-mass white
dwarfs.
Additionally, low-mass white dwarfs can say something profound about
the general theory of relativity. In so many words, Einstein’s general relativity
holds that gravity is a manifestation of the consequence that mass bends space. A
popular visualization involves imagining a heavy object like a bowling ball resting
atop a sheet of spandex, stretching the surface of the spandex into a ball-shaped
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indention. The amount of stretching an object imparts on space is directly propor-
tional to that object’s mass.
This warping of space can have interesting consequences. In the case that
two objects are in close orbit around each other, they often perturb each other just
via gravity; they are forced to bob up and down in the wake of each other’s mass-
bent space. This bobbing accelerates each object, which in turn causes the emission
of gravitational waves, subtle ripples in the fabric of space-time.
These ripples carry energy and angular momentum; subtle as they are they
can carry away enough energy to cause the orbits of two stars to decay quite
rapidly, especially if those stars are close together. Gravitational waves cause such
a minute effect on space-time that humans have never directly detected them, de-
spite hundreds of millions of dollars spent over decades trying. Humanity’s first
confirmation of these subtle waves came in the mid-1970s when radio astronomers
measured the orbital decay of a merging binary system containing a pulsar, a
rapidly spinning neutron star that keeps exceptionally precise time due to its mil-
lisecond spin period. It turns out that low-mass white dwarfs can also contain accu-
rate clocks, and we have used the eclipses from an exceptional 12.75-min WD+WD
binary to detect and measure the orbital decay of this system, due mostly to gravi-
tational radiation (see Chapter 3). This is the first time that gravitation waves have
been indirectly detected using visible light.
1.5 O−C Diagrams
In order to fully understand our detection of gravitational waves using the
75-year-old Otto Struve telescopewe should take a step back into themethods used
in this dissertation. I make frequent use of (O − C) diagrams, which compares the
timing of an event (say the mid-point of an eclipse or the peak of a pulsation cycle)
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to when we expect such an event if it occurred at an exactly constant periodicity. It
may help to visualize an example:
Imagine a leaky faucet that keeps exceptionally precise time, left unattended
for many decades. Its drip rate is very slow — every 12 minutes a drop of water
falls to a basin below, and we can measure the time these drips hit the basic with
good precision, to better than a little less than a second.
Now imagine the water isn’t perfectly pure, and these impurities build up
as sediment slowly but in a constant way. This sediment very slowly lengthens the
period between drips, causing them to occur less and less frequently. In this case,
let’s imagine the buildup is incredibly gradual, and that the original drip period of
exactly 12 minutes is changing by just 0.5 milliseconds every year (0.5 ms yr−1).
By building an (O − C) diagram we can measure such a sub-millisecond
change in the drip period over a year, even if we can only measure each drip to an
accuracy of about 1 second. Our leverage comes from the first observation, and the
fact that the change from our first observation caused by the period change piles up
the longer we observe our leaky sink. This change from the original observations
— what we observe (O) versus what we calculate (C) given a perfectly constant
period — is at the heart of the (O − C) diagram.
For simplicity sake, let’s say that we measured a drip to occur at exactly
midnight on 1 January 2014, at UT 00:00:001. We observe a drip around midnight
on the first of every month and record the absolute time that drip hit the basin. If
there were no sediment buildup, the time of the drip would be perfectly constant,
always separated by exactly 12 minutes. After a year, the 43800th drip would occur
1The UTC midnight on 1 Jan 2014 corresponds to a Julian date of 2456658.5, which is a natural
unit of absolute time for astronomers.
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Figure 1.1 An (O − C) diagram for our thought experiment of a leaky faucet that
keeps excellent time but which has a drip period that is lengthening slightly, by
0.5 ms each year from an initial drip period of 12 minutes. Our first observation
occurred exactly at midnight on 1 Jan 2014, and we subsequently show here how
much time has elapsed after midnight before we observed a drip on the first of
every month. The best-fit red parabola to the observations corresponds to the rate
of period change, as described in the text.
exactly at midnight on 1 January 2015. Instead, we have stated that the drip period
is increasing by half a millisecond every year.
It’s natural to expect that when we go and look on 1 January 2015 we’d
see a drip occur 0.5 ms after midnight. Instead, we would measure that drip to
occur at about UT 00:00:11 on 1 January 2015; the drip would occur nearly 11 s
after midnight! Sure enough, the time between drips has only changed by half
a millisecond in the year between 1 January 2014 and 1 January 2015, so that the
period after one year would be P = 12.00000833 min (720.0005 s). But the drip
itself would be delayed by more than 10 s.
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Figure 1.1 illustrates this thought experiment, showing the (O−C) diagram
of when we observe the drips versus when we’d expect them given an exactly
constant drip period. The grey dotted line shows the line of (O − C) = 0 s; what
we would “expect” for a perfectly constant period. Our “observations” are shown
in dark blue and have been perturbed by random Gaussian noise assuming 1 s
uncertainties for each observation. These “observations” essentially correspond to
howmuch time after midnight we observe the drip at the beginning of eachmonth.
Amore detailed derivation of the (O−C) equations are found in Chapter 6,
but the key is that the effect increases with time squared. We write this mathemat-
ically as O − C ∝ 12P0P˙E2, where P0 is the period at the time of the first measure-
ment, P˙ is the rate of period change, and E is the ephemeris such that E = t/P0,
where t is the elapsed time since the first observation. This means that the second-
order polynomial fit, shown as a solid red parabola in Figure 1.1, constrains the
rate of period change from an (O − C) diagram. In our example, we would be
able to measure a rate of period change of dP/dt = (1.24 ± 0.47) × 10−11 s s−1 (or
0.39 ± 0.15ms yr−1) from the best-fit parabola.
Even though the period change is quite slow (0.5 ms yr−1), we would have
a nearly 3-sigmameasurement of the rate of period change, accurate to a fraction of
a millisecond per year, after just 13 “measurements” over one year of monitoring!
This thought experiment illustrates the power of constructing a long-term (O−C)
diagram in measuring very small rates of period change.
1.6 Pulsations
When we observe a white dwarf in space, it is true that we are seeing it as
it was tens or hundreds of years ago, since it took light that long to reach our eyes
here on Earth. It is also true that we are only seeing light from a thin layer right at
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the surface, since the light will have scattered many times off the deeper material
before it can escape.
In some ways this makes our understanding of the composition and inter-
nal constituency of stars superficial. However, just as we can explore the interior
of the Earth using seismology, the propagation of waves from earthquakes, we can
unravel the inner secrets of stars using stellar pulsations, global stellar oscillations
that respond differently depending on the internal composition of these objects.
This affords us a unique window into the inside of stars otherwise inaccessible.
Fortunately, white dwarf stars have been known to pulsate for more than 45
years, and the theory behind their pulsations is relatively well understood. Due to
their strong surface gravities, white dwarfs generally have highly stratified atmo-
spheres, differentiated by lighter elements that rise to the top and heavier elements
that sink down. We focus here on the subset of white dwarfs with only a thin veil
of hydrogen at their surface belonging to the spectral class DA.
Since they are essentially the bared cores of stars, typical white dwarfs be-
gin their lives with very high temperatures. If the surface temperature of a white
dwarf exceeds roughly 12,500 K, the hydrogen at the surface of such a hot star
is completely ionized — the negatively charged electrons move too quickly to be
bound to the positively charged protons, and the atoms at the surface are in an ion-
ized state. Light escaping from the interior of the star passes easily through these
ions and free electrons.
However, white dwarfs evolve by cooling, and as the surface reaches lower
temperatures these hydrogen atoms can begin to recombine (the electrons can be-
gin to rejoin and orbit the protons). These atoms with now-bound electrons form
a partial-ionization zone and can begin to effectively absorb radiation leaving the
center of the white dwarf. This partial-ionization zone can now efficiently store
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and release large amounts of energy, which provides the sufficient conditions to
drive global pulsations. Such a pulsating white dwarf is now located inside the
so-called DAV instability strip, and the global pulsations are manifest as periodic
brightness changes, caused by temperature changes on the surface of the star that
keep a regular tune. These are the stars a-singing.
We can then match the notes from these pulsating stars to detailed models
in order to infer the interior properties of these stars. This is just like using the app
Shazam to identify a song on the radio; a computer algorithm Fourier transforms
the music, which determines the dominant frequencies in the song, which the app
then matches to a database of processed songs to make an identification. For white
dwarf stars we are instead using the periods of gravity-mode (g-mode) pulsations
that have been excited, the periods of which we match to detailed theoretical mod-
els2.
However, the first step in this process is to actually identify the pulsating
stars and their pulsation periods, which has been a large part of the discovery com-
ponent of this dissertation. Since pulsations are extremely useful in probing the in-
terior composition of stars, we have systematically searched for pulsations in white
dwarfs at both mass extremes, in the hopes of finding low-mass pulsators (which
should have He-cores, see Chapter 4) and ultramassive pulsators (which should
have ONe-cores, see Chapter 5). While we have yet to build a sufficient grid of
models with which to fully exploit the asteroseismic inferences from these new-
found pulsating white dwarfs, we have already been able to prove some funda-
2Please note: There is a sharp distinction between gravitational waves, the subtle ripples in space-
time predicted by Einstein’s general theory of relativity mentioned before, and gravity waves, g-
mode pulsations that can be excited inside a star. Often these words are muddled and used inter-
changeably, but they should not be. This dissertation actually includes the detection of both gravita-
tional waves and gravity waves in low-mass white dwarfs, but their usage should not be confused!
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mental aspects of these objects. More detailed modeling is certainly forthcoming.
1.7 Overview of this Dissertation
This dissertation attempts to weave a linear story anchored on time-series
photometric observations of white dwarf stars, with a large emphasis on low-mass
white dwarfs. Each chapter is based on at least one (and as many as three) accepted
peer-reviewed publications.
Chapter 2 highlights the many types of optical variability visible in com-
pact binaries containing at least one low-mass white dwarf, and is a photometric
survey of the 20 shortest-period low-mass white dwarf binaries known, all with
orbital periods less than 4 hr (Hermes et al. 2012a). We find excellent examples of
ellipsoidal variations (which we use to constrain the low-end of the white dwarf
mass-radius relationship), Doppler beaming, and one system that shows eclipses,
the 12.75-min WD+WD binary J0651+2844. Chapter 3 continues our investigation
of J0651+2844 by monitoring the mid-eclipse times of the system over more than
two years. We detect rapid orbital decay in line with expectations from the emis-
sion of gravitational waves, and begin to constrain the tidal effects on the rate of
period change of this merging binary (Hermes et al. 2012b).
Chapter 4 outlines our discovery of the first five pulsating extremely low-
mass white dwarfs, all of which should have He-cores and are observed to pul-
sate at exceptionally cooler effective temperatures than any previously known pul-
sating white dwarf (Hermes et al. 2012c, 2013d,b). These mark the five lowest-
mass pulsating white dwarfs ever found. Chapter 5 continues this exploration
of extreme-mass pulsating white dwarfs, but instead extends to the high-mass
regime. We describe in Chapter 5 our discovery of pulsations in GD 518, which
at 1.2 M makes it the highest-mass white dwarf ever discovered to pulsate (Her-
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mes et al. 2013a). In addition, we spent considerable time searching for pulsating
white dwarfs in the Kepler field, and include as Appendix B our discovery of the
first DAV in the Kepler field (Hermes et al. 2011), which was observed from space
for roughly 1.5 years before the mission lost fine pointing ability in 2013 May.
Discovering pulsations is sometimes a relatively simple task; we detect sig-
nificant variability, attempt to disentangle the periods present, and await further
modeling before drawing deep conclusions. This can feel thin, short on a full as-
terosismic treatment. As a counterweight, I conclude with Chapter 6, which out-
lines more than nine years of observations of the pulsating CO-core white dwarf
WD0111+0018. By monitoring the pulse arrival times of the four main periodici-
ties present in this 0.71 M DAV we have shown that the rate of period change is
several orders of magnitude faster than expected from cooling alone, and outline
our explanations for this new intermediate timescale in pulsation behavior, which
likely signifies a new physical effect in the evolution of pulsating white dwarf stars
(Hermes et al. 2013c).
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Chapter 2
High-Speed Photometry of 20 Merging Low-Mass White
Dwarf Binaries
There are a number of physical effects that can induce photometric vari-
ability in close binary systems: eclipses, ellipsoidal variations (tidal deformations
of the visible primary), reflection, and Doppler beaming. We have searched for
these signals by carrying out high-speed photometry on 20 of the shortest-period
extremely low-mass (ELM) white dwarf (WD) binaries known, all of which have
orbital periods less than 4 hr. Doing so, we have identified the first eight tidally
distortedWDs, which can put constraints on the mass-radius relationship for ELM
WDs. In half of these binaries we have also detected Doppler beaming, which we
can use to confirm the high amplitude of the system’s radial-velocity variability.
Only one of our ELM WD binaries shows detectable eclipses, J0651+2844, the re-
markable 12.75-min WD+WD binary we will discuss in Chapter 3. All of these sys-
tems are strong gravitational wave sources, and the time-of-minimum of those that
show ellipsoidal variations can be used to detect the orbital period decay, which
for some systems will be possible on a timescale of a decade or less.1
1Significant portions of this chapter have been previously published as: J. J. Hermes, Mukremin Kilic,
Warren R. Brown, M. H. Montgomery, and D. E. Winget, The Astrophysical Journal, 749, 42 (2012)
& J. J. Hermes, Warren R. Brown, Mukremin Kilic, Paul Chote, Denis Sullivan, Keaton J. Bell, K. I.
Winget, Samuel T. Harrold, E. L. Robinson, Paul Mason, M. H. Montgomery, and D. E. Winget, The
Astrophysical Journal, in preparation (2013)
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2.1 Introduction
White dwarfs (WDs) are the remnant, degenerate cores of stars. About one-
third of the stars in the galaxy go through stellar evolution as single stars and end
up as typical Earth-sized 0.6 M CO-core WDs. The remaining two-thirds evolve
in binary systems, including short-period systems where stable or unstable mass
transfer can take place in the late stages of their stellar evolution. Many short-
period systems go through one or two common-envelope phases and evolve into
systems containing low-mass WDs. Indeed, radial velocity surveys of low-mass,
putatively He-core WDs (M < 0.45M) indicate that most form in binary systems
(Marsh et al. 1995, Brown et al. 2011a). The lower mass WDs are predicted to be
larger in radius than their more massive counterparts. However, observational
data for radius measurements for low-mass WDs are scarce.
Eclipsing binaries are important laboratories for constraining themass-radius
relation for WDs, but only a handful of direct radius measurements for low-mass,
He-coreWDs exist. Observations using the Kepler spacecraft have so far found four
A-stars with bloated ∼ 0.2 − 0.4M WD companions. The radius measurements
for these four WDs range from 0.04 to 0.15 R (van Kerkwijk et al. 2010, Carter
et al. 2011, Breton et al. 2012). However, these four WDs are likely the product of
a previous epoch of stable mass transfer (not a common envelope scenario), which
suggests that all four of theseWDs may be larger than a normal degenerate He star
of the same mass (see Section 5.1 of Carter et al. 2011). Hence, they provide only
an upper limit for the mass-radius relation for low-mass WDs. In addition, there
have been four eclipsing low-mass WD systems detected from the ground (Stein-
fadt et al. 2010b, Parsons et al. 2011, Vennes et al. 2011, Brown et al. 2011c). Maxted
et al. (2011) recently identified a 0.23M stripped core of a red giant star, a pre-He
WD. They measure a radius of 0.33 R from the eclipse observations, providing an
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estimate for the radii of an extremely low mass (ELM) WD progenitor.
Tidally distortedWDs in (non-)eclipsing systems also provide reliable con-
straints on WD radii. The amplitude of the flux variation from ellipsoidal varia-
tions goes roughly as δfEV ≈ (m2/m1)(r1/a)3, where a is the orbital semi-major
axis and r1 is the radius of the primary (e.g., Mazeh & Faigler 2010). Hence, this ef-
fect is most important for short-period systems with extrememass ratios and more
importantly with relatively large (radius) WDs, i.e., systems containing ELMWDs.
Not surprisingly, the first and second direct detection of tidally distorted WDs oc-
curred in the P < 1 h orbital period ELMWD systems J0106-1000 (Kilic et al. 2011c)
and J0651+2844 (Brown et al. 2011c). J0651+2844, a 12.75-minute orbital period de-
tached eclipsing double WD system, illustrates the wealth of photometric informa-
tion that can be present in an ELM WD system: there are primary and secondary
eclipses, ellipsoidal variations, and a strong Doppler beaming signal.
The ELM Survey (Brown et al. 2010, Kilic et al. 2011a, Brown et al. 2012,
Kilic et al. 2012, Brown et al. 2013) continues to discover a large number of short-
period systems containing low-mass WDs. This survey has uncovered more than
30 double-degenerate binaries with < 10 Gyr merger times (Brown et al. 2013) and
the only known detached binary WDs with <1 h orbital periods: two 39-minute
orbital period binaries, J0106-1000 and J1630+4233 (Kilic et al. 2011c,b), and the
12.75-minute system, J0651+2844 (Brown et al. 2011c). Based on the probability
of eclipses and other photometric variability at the timescale of the orbital period,
we have established a follow-up program to observe the shortest-period binaries
found in the ELM Survey. These time-series photometric observations have been
carried out at the McDonald Observatory using the Argos instrument, a frame-
transfer CCDmounted at the prime focus of the 2.1m Otto Struve telescope (Nather
& Mukadam 2004).
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Observations of tidal distortions in these short-period systems can provide
important constraints on the physical parameters of the binary. Anymis-alignment
between the tidal bulge and the binary orbital period can be measured using the
ellipsoidal variations; a mis-alignment will result in tidal heating of the ELM WD
(e.g., Fuller & Lai 2012). If the radius of the WD is known, ellipsoidal variations
can also be used to constrain the mass of the unseen companion and the inclination
angle. This has strong implications for understanding the future evolution of these
systems, which depends on the mass ratio of the two stars (Marsh et al. 2004).
2.2 Characterizing Binary Variability
There are five major effects that can cause photometric variability in the pri-
mary of a binary system: Doppler beaming, reprocessed light from the secondary
(reflection), ellipsoidal variations, eclipses, and pulsations (which we will save for
more extensive discussion in Chapter 4). Here, and throughout, we will consider
the ELM WD to be the primary, as it is the only visible component of the single-
lined spectroscopic binary.
Given a high enough radial velocity variation, Doppler beaming (also re-
ferred to as Doppler boosting or relativistic beaming) will act to modulate stellar
flux upon approach or recession (see, e.g., Zucker et al. 2007). We treat this as a
sinφmodulation at the orbital period, where φ = 0 is defined by the spectroscopic
conjunction (the point at which the primary is farthest away from Earth). When
present, this signal is usually evident as a strong asymmetry in the maxima of el-
lipsoidal variations, peaking at φ = 0.25.
We follow the formalism of Shporer et al. (2010) and approximate this mod-
ulation as dependent on only the effective temperature of the primary (Teff,1) and
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RV amplitude of the primary (K1) in the following form:
ADB ≈ α′1
K1
c
(2.1)
where c is the speed of light and α
′
1 relates to the spectral index α1 ≡ d log(Fν,1)d log(ν) as:
α
′
1 = 3− α1 =
x1 e
x1
ex1 − 1 (2.2)
where x1 = hν/kTeff,1 =
31621
Teff,1
for our blue-bandpass BG40 filter centered at roughly
4550 A˚.
Irradiation of the primary by the secondary can cause a reflection effect,
which will also sample the orbital period, with a maximum at φ = 0. We treat the
reflection effect as a cosφmodulation at the orbital period.
Finally, tidal distortions of the primary will cause ellipsoidal variations.
The dominant modulation occurs when the larger face comes into view twice per
rotation, effectively a cos 2φ modulation of the spin period, which would be the
orbital period for a synchronized system. However, since tidal distortions do not
cause a perfectly ellipsoidal shape, we treat the ellipsoidal variations as harmonics
to the first four cosφ terms, as derived in Morris & Naftilan (1993). Equation (1)
in that work yields a theoretical prediction for the ellipsoidal variation amplitude
dominated by
L(φ)/L0 =
−3(15 + u1)(1 + τ1)(r1/a)3q sin2 i
20(3 − u1) cos(2φ) (2.3)
based on the mass function q = m2/m1, the limb-darkening (u1) and gravity-
darkening (τ1) coefficients for the primary, the semimajor axis of the system a, the
orbital inclination i, and the radius of the primary r1. Here we will assume a linear
limb darkening law and use the coefficients for u1 calculated by Gianninas et al.
(2013). Since we are most interested in setting a lower limit on the radius of the
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ELM WD, we assume that the stellar flux from the surface is purely radiative and
assume τ1 = 1.0. This should be valid for our ELM WDs with Teff > 10,000 K,
justified by our theoretical (and growingly empirical) blue edge for pulsating ELM
WDs found in Figure 4.14 in Chapter 4.
To best characterize the variability in the light curve, we perform a Monte
Carlo analysis. We create 105 synthetic light curves by replacing the measured flux
f with f + g δf , where δf is the error in flux and g is a Gaussian deviate with zero
mean and unit variance. We then fit each light curve with a five-parameter model
that includes an offset, and the (co)sine terms for Doppler beaming, ellipsoidal
variations, reflection, and the first harmonic of the orbital period (e.g., Sirko &
Paczyn´ski 2003, Shporer et al. 2010, Mazeh & Faigler 2010).
Additionally, we have computed a Fourier transform of our time-series
photometry. In some cases, this Fourier analysis has allowed us to refine the orbital
period of the system from the less-sampled radial-velocity observations. Usually,
though, the periods are so long and the data coverage so sparse that there is much
alias structure around the peaks of interest. Since we have signals that may occur
at cosφ and sinφ, our Monte Carlo analysis yields a more reliable estimate for the
amplitude of the relevant effects.
2.3 Target Selection and Observations
All compact binaries discussed in this work have been discovered through
the ELMSurvey, a targeted spectroscopic search for ELMWDs using color selection
from the Sloan Digital Sky Survey (SDSS). This has been a highly successful survey
for short-period compact binaries: The ELM Survey has increased the number of
detached, double degenerate binaries known to 54, roughly 30 of which will merge
within a Hubble time (Brown et al. 2013).
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Table 2.1. Atmospheric and Binary Parameters of our Low-Mass WD Targets
Object Teff log g Porb K1 M1 M2 M2(60
◦) τmerge g0 Ref
(K) (cm s−2) (days) km s−1 M M M Gyr (mag)
J0651+2844 16530 6.76 0.00886 616.9 0.26 0.50 · · · 0.0011 19.1 1,2
J0106−1000 16960 6.10 0.02715 395.2 0.17 ≥ 0.37 0.49 ≤ 0.039 19.8 3
J1630+4233 14670 7.05 0.02766 295.9 0.30 ≥ 0.30 0.37 ≤ 0.031 19.0 4
J1053+5200 15180 6.55 0.04256 264.0 0.20 ≥ 0.26 0.33 ≤ 0.16 18.9 5,6
J0056−0611 12210 6.17 0.04338 376.9 0.17 ≥ 0.46 0.61 ≤ 0.12 17.2 7
J1056+6536 20470 7.13 0.04351 267.5 0.34 ≥ 0.34 0.43 ≤ 0.085 19.8 8
J0923+3028 18350 6.63 0.04495 296.0 0.23 ≥ 0.34 0.44 ≤ 0.13 15.6 9
J1436+5010 16550 6.69 0.04580 347.4 0.24 ≥ 0.46 0.60 ≤ 0.10 18.2 5,6
J0825+1152 24830 6.61 0.05819 319.4 0.26 ≥ 0.47 0.61 ≤ 0.18 18.6 8
J1741+6526 10540 6.01 0.06111 508.0 0.16 ≥ 1.10 1.55 ≤ 0.17 18.4 10
J0755+4906 13160 5.84 0.06302 438.0 0.17 ≥ 0.81 1.12 ≤ 0.22 20.1 9
J2338−2052 16630 6.87 0.07644 133.4 0.27 ≥ 0.15 0.18 ≤ 0.95 19.6 7
J0849+0445 10290 6.23 0.07870 366.9 0.17 ≥ 0.64 0.88 ≤ 0.47 19.1 5
J0022−1014 18980 7.15 0.07989 145.6 0.33 ≥ 0.19 0.23 ≤ 0.73 19.6 11
J0751−0141 15660 5.43 0.08001 432.6 0.17 ≥ 0.94 1.32 ≤ 0.37 17.4 7
J2119−0018 10360 5.36 0.08677 383.0 0.17 ≥ 0.75 1.04 ≤ 0.54 20.0 2
J1234−0228 18000 6.64 0.09143 94.0 0.23 ≥ 0.09 0.11 ≤ 2.7 17.7 11
J0745+1949 8190 5.70 0.11240 109.0 0.16 ≥ 0.46 0.60 ≤ 2.4 16.3 10
J0112+1835 10020 5.76 0.14698 295.3 0.16 ≥ 0.62 0.85 ≤ 2.7 17.1 10
J1233+1602 10920 5.12 0.15090 336.0 0.17 ≥ 0.86 1.20 ≤ 2.1 19.8 9
References. — (1) Brown et al. (2011c); (2) Hermes et al. (2012b); (3) Kilic et al. (2011c); (4) Kilic et al. (2011b); (5)
Kilic et al. (2010); (6) Mullally et al. (2009); (7) Brown et al. (2013); (8) Kilic et al. (2012); (9) Brown et al. (2010); (10)
Brown et al. (2012); (11) Kilic et al. (2011a)
We adopt the atmospheric and binary parameters from the ELM Survey;
these parameters and their individual references are found in Table 2.1, in order
of increasing orbital period. These are all single-lined spectroscopic binaries, so
K1 refers to the radial velocity amplitude of the visible primary. We adopt the
convention that the primary is the star that is visible, even though the primary is
usually the lowest-mass component.
The targets in this sample range in de-reddened SDSS-g magnitude (g0)
from 15.6 − 20.1 mag. They are strong sources of gravitational wave radiation,
as all of them will merge within 3 Gyr.
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2.4 Individual Results
Our photometric observations constrain the 20 shortest-period ELM WD
binaries, all with orbital periods < 4 hr. Unless otherwise stated, our observations
were obtained at the McDonald Observatory. Our reduction techniques are de-
scribed in Appendix A. We detail our results in relative order of orbital period,
from shortest to longest, and visually represent the results in Figures 2.1 − 2.5. We
include the orbital periods we have used to fold the light curves in Table 2.2. The
dashed green and blue lines show the 4〈A〉 and 3〈A〉 significance level, respectively.
2.4.1 SDSS J065133.34+284423.4
J0651+2844 is the quintessential compact low-mass WD binary, deserving
of its own chapter in this dissertation given its extreme nature. Still, it is worth
mentioning in this context since it evidences the three main ways compact WD
binaries can show photometric variations.
The system is the shortest orbital-period detached binary known: It has
an orbital period of 12.7534 ± 0.0033 min with an RV semi-amplitude of K1 =
616.9 ± 5.0 km s−1, but we can use the photometry to better constrain the orbital
period to 12.75344238 ± 0.00000092 min, as we will discuss in in Chapter 3. The
primary is a Teff = 16,530 ± 200 K, log g = 6.76 ± 0.04WD, which corresponds to a
mass ofM1 = 0.26 ± 0.04M (Hermes et al. 2012b, Brown et al. 2011c).
We have amassed more than 320 hr of photometry of this system frommul-
tiple sites in order to monitor the rate of change of the orbital period. For this
chapter, we display here in Figure 2.1 only our data from 2012 January, 60.4 hr of
coverage. Our journal of these observations is found in Table 5.1.
This ultra-compact binary system shows deep primary eclipses at φ = 0,
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Figure 2.1 High-speed photometry of four ELMWDs in short-period binaries. The
top panel for each shows the optical light curve, folded at the orbital period and
repeated for clarity. The bottom panel for each shows an FT of the target (black)
and brightest comparison star (magenta). The orange and blue triangles show the
orbital period and half-orbital period, respectively. These binaries have orbital pe-
riods of 12.8 min (J0651+2844), 39.1 min (J0106-1000), 39.8 min (J1630+4233), and
61.3 min (J1053+5200), respectively.
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Figure 2.2 The same as Figure 2.1 but for four additional ELMWD binaries. These
binaries have orbital periods of 62.5 min (J0056-0611), 62.5 min (J1056+6536), 64.7
min (J0923+3028), and 66.0 min (J1436+5010), respectively. There was only one
comparison star in the field for J0056-0611 and J0923+3028.
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Figure 2.3 The same as Figure 2.1 but for four additional ELMWD binaries. These
binaries have orbital periods of 83.8 min (J0825+1152), 88.0 min (J1741+6526), 90.7
min (J0755+4906), and 110.1 min (J2338-2052), respectively.
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Figure 2.4 The same as Figure 2.1 but for four additional ELMWD binaries. These
binaries have orbital periods of 113.3 min (J0849+0445), 115.0 min (J0022-1014),
117.2 min (WD0751-0141), and 124.9 min (J2119-0018), respectively. There was only
one comparison star in the field for J0849+0445 and J0022-1014.
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Figure 2.5 The same as Figure 2.1 but for four additional ELMWD binaries. These
binaries have orbital periods of 131.7 min (J1234-0228), 161.9 min (J0745+1949),
211.7 min (J0112+1835), and 217.3 min (J1233+1602), respectively.
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secondary eclipses at φ = 0.5, ellipsoidal variations from tidal distortion of the
primary WD peaking twice each orbit, and Doppler beaming at the orbital period,
manifest as the higher asymmetry in the ellipsoidal variations at φ = 0.25. The red
curve over the folded light curve is a model fit to the data, described in Chapter 3.
The Fourier transform of this data orients us for the other systems. The
highest peak in the FT occurs at the half-orbital period, denoted by the dark blue
inverted triangle, which serves to reproduce the high-amplitude ellipsoidal varia-
tions. There is also a significant peak at the orbital period, denoted by the orange
inverted triangle, primarily corresponding to the Doppler beaming signal. Finally,
the comb of peaks at harmonics of the orbital period are a Fourier series reproduc-
ing the deep eclipses.
There is a considerable amount we can measure from the light curve of this
compact binary; most notably, we have used the changing mid-eclipse times to
detect the rapid orbital decay from gravitational radiation (Hermes et al. 2012b).
For now we save further discussion of this exciting system for Chapter 3.
2.4.2 SDSS J010657.39-100003.3
Our original photometric observations of J0106-1000 were published in Kilic
et al. (2011c), announcing what was then the most compact detached WD binary
ever known (J0651+2844 was discovered within days of this binary going to press).
Radial velocity observations show this ELMWD is in a 39.100±0.028min orbit with
K1 = 395.2 ± 3.6 km s−1. With just 2.6 hr of Argos photometry on this g = 19.8
mag WD we found 1.7± 0.3 percent ellipsoidal variations.
We have followed up those discovery observations with an additional 12.3
hr of photometry using Argos, as well as 4.3 hr using GMOS-S on the 8.1m Gemini-
South telescope at Cerro Pacho´n. This new data confirms the high-amplitude el-
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lipsoidal variations, and we have measured these variations with three different
filters. We refine our original measurement through our typical, broad-bandpass
BG40 filter, finding a 1.77± 0.12% amplitude. Using our GMOS-S observations we
find a 1.82 ± 0.18% ellipsoidal variation amplitude through a Sloan-g filter and a
1.78± 0.28% amplitude through a Sloan-r filter. There is an additional small signal
at the orbital period at 0.23±0.12 percent amplitude (using our Argos observations
through a BG40 filter) that may correspond to Doppler beaming of the primary,
however it is not yet statistically significant (we expect Doppler beaming at 0.30%
amplitude givenK1). The amplitude of the ellipsoidal variations help us constrain
the radius of this ELMWD to R1 > 0.05 R, which we discuss in Section 2.5.1.2.
The system is a strong source of gravitational wave radiation, and it is pos-
sible also to use the ellipsoidal variations to constrain any changes in the system
as a result of the emission of gravitational wave radiation. This is discussed in
Section 2.5.3.
In addition to our follow-up photometry, we have revisited the spectro-
scopic parameters of the the visible primary so that the atmospheric parameters
for all of our systems that display ellipsoidal variations have been reduced in an
identical manner. Detailed description of our fits to low-surface-gravity ELM WD
models can be found in Hermes et al. (2013d). From our new fits we adopt values
of Teff = 16960 ± 400 K and log g = 6.10 ± 0.06 for this ELMWD.
2.4.3 SDSS J163030.58+423305.8
J1630+4233 is the third-most-compact low-massWD binary known,with an
orbital period of 39.8± 0.1min and an RV semi-amplitude ofK1 = 295.9 ± 4.9 km
s−1. Our 7.8 hr of high-speed photometry was analyzed for the discovery paper on
this object, Kilic et al. (2011b). A full journal of observations is listed in Table 5.1.
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There is no evidence for ellipsoidal variations of the primary in J1630+4233,
which is expected given its relatively higher surface gravity and thus smaller ra-
dius. Even though J0106-1000 and J1630+4233 have almost the same orbital period,
J1630+4233 is comparatively about a factor of two more massive and nearly a fac-
tor of two smaller in radius. Therefore, the expected amplitude of the ellipsoidal
variations is < 0.1%, consistent with the observations.
We expect to see roughly 0.24% amplitude sinusoidal variations due to the
Doppler beaming effect. Fitting a sinusoid to the folded light curve, it is best ex-
plained by 0.31 ± 0.13% variations at the orbital period. These variations are con-
sistent with the expected beaming signal, however, they do not provide any new
physical constraints on the properties of this binary. Using the highest alias in the
FT near the RV variability, we can refine the orbital period to 39.833 ± 0.066 min.
2.4.4 SDSS J105353.89+520031.0
J1053+5200 is in a 61.34± 0.14min orbital period binary withK1 = 264.8±
15.0 km s−1 (Mullally et al. 2009, Kilic et al. 2010). We obtained 4.7 hr of photometric
observations on J1053+5200 and do not detect any significant variability, to a limit
of 0.6% amplitude. This is not surprising: The system has a relatively small mass
function of 0.082±0.014M, and with a 0.20M primary, we do not expect a signal
from ellipsoidal variations or Doppler beaming much above 0.2% amplitude.
2.4.5 SDSS J005648.23-061141.6
Previous radial-velocity observations show that J0056-0611 has a 62.467 ±
0.029 min orbit with K1 = 376.9 ± 2.4 km s−1 (Brown et al. 2013). Our 12.2 hr of
photometric observations span less than 3months, but the aliasing remains difficult
to parse. However, we see good evidence for ellipsoidal variations in this system.
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We have folded our light curve on the highest alias peak closest to the half-orbital-
period informed by the RV variability, 62.4456 ± 0.0014 min, shown in the FT in
Figure 2.2.
There is only one bright comparison star in our field-of-view for these ob-
servations, sowe cannot fully assess the atmospheric contribution to the low-frequency
end of the Fourier transform. Given K1 we expect a 0.35% amplitude Doppler
beaming signal; our Monte Carlo analysis instead finds a corresponding signal
with 0.04 ± 0.08% amplitude. The FT shows stronger evidence, with a peak of
0.19 ± 0.09 amplitude at the orbital period. However, we cannot claim to detect
Doppler beaming in this system with any significance.
We have put constraints on both the radius of the primary (0.055 < R1 <
0.07 R) and the inclination of the system (i < 40
◦), which constrains the mass of
the secondary (1.3 < M2 < 1.9M), using the observed ellipsoidal variations and
spectroscopically derived surface gravity, as we will show in Section 2.5.1.1.
2.4.6 SDSS J105611.03+653631.5
J1056+6536 is a compact binary with a 62.7 ± 1.5 min orbital period (Kilic
et al. 2012). We obtained 3.0 hr of photometry on this faint g = 19.8 WD, covering
less than three full cycles of the orbit, so our limits are not very stringent. We do
not detect any significant photometric variability in this system.
2.4.7 SDSS J092345.60+302805.0
J0923+3028 is the brightest target in our sample, and is a 64.73 ± 0.71 min
orbital period binary with K1 = 296 ± 3 km s−1 (Brown et al. 2010). We observed
J0923+3028 for 10.8 hr over three consecutive nights in 2010 December and detect
a modest signal near the orbital period, corresponding to Doppler beaming of the
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primary.
As seen in Figure 2.2, the highest peak in the FT does not line up exactly
with the RV-determined orbital period. However, the third-highest alias peak falls
very close, at 64.848 ± 0.036 min. We have used this period for the folded light
curve, which yields a Doppler beaming amplitude of 0.43±0.13 percent (we expect
0.21% amplitude given the temperature and radial velocity). We do not detect any
other significant photometric variability in this system.
2.4.8 SDSS J143633.29+501026.8
J1436+5010 has an orbital period of 65.95 ± 0.14min withK1 = 347.4 ± 8.9
km s−1 (Mullally et al. 2009, Kilic et al. 2010). We obtained 12.5 hr of photometry
spanning nearly three years, from 2010 June to 2013 March. There is a significant
peak in the FT at the orbital period, but it suffers from considerable aliasing, so we
have folded the data on the best period determined from the RV variability. Our
analysis finds a 0.35± 0.08% amplitude signal from Doppler beaming, in line with
the expectation of 0.26% from T1 and K1. We see no evidence for tidal distortions
of this 0.24M WD.
2.4.9 SDSS J082511.90+115236.4
J0825+1152 has the hottest WD primary in our sample, at 24,830 ± 740 K,
and has an RV period of 83.794 ± 0.014 min with a K1 = 319.4 ± 2.7 km s−1 (Kilic
et al. 2012). We obtained 7.2 hr of photometry in mediocre conditions, spanning
2011 November to 2012 December; we do not detect variability to a limit of 0.9%
amplitude.
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2.4.10 SDSS J174140.49+652638.7
J1741+6526 has an RV period of 83.794 ± 0.014 min with a mass function
of 0.830 ± 0.018 M (Brown et al. 2012). It has the second-highest radial velocity
amplitude in our sample,K1 = 508±4 km s−1, behind only the 12.75-min WD+WD
binary J0651+2844. Given the spectroscopically determined mass of the primary,
the minimum mass of the unseen companion is 1.09M, and there is a 57% chance
that the inclination is such that its companion is more massive than 1.4 M. We
obtained 9.5 hr of photometry in 2011 May and September, which was analyzed
in Hermes et al. (2012a). Our results here include 3.5 hr of additional coverage in
2012 June and July.
The system exhibits significant evidence for bothDoppler beaming (at 0.50±
0.08% amplitude) and ellipsoidal variations (at 1.31± 0.08% amplitude). Given the
system’s high RV amplitude, we expect a 0.57% amplitude signal from Doppler
beaming, which is within the errors what we observe. This is to date the highest-
amplitude Doppler beaming signal ever observed for a binary system. Addition-
ally, we can use the high-amplitude ellipsoidal variations to constrain the radius of
the ELMWD in this system, as we discuss in Section 2.5.1.3.
J1741+6526 was originally found to be one of the lowest surface gravity
WDs known, with a spectroscopically determined log g < 5.20 (Brown et al. 2012).
However, this low surface gravity is incompatible with the relatively small inferred
radius of the ELM WD determined from the ellipsoidal variations. We have used
the extended model atmospheres described at length in Hermes et al. (2013d) and
Brown et al. (2013) to re-fit the observed optical spectrum of this low-mass WD.
Our new fits find that this is a Teff = 10540 ± 100 K, log g = 6.00 ± 0.04 WD, as
discussed in Section 2.5.1.3.
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2.4.11 SDSS J075552.40+490627.9
Previous radial-velocity observations show that J0755+4906 has a 90.7± 3.1
min orbit with K1 = 438 ± 5 km s−1 (Brown et al. 2010). This is the faintest target
in our sample, with g = 20.1mag. We obtained 1.6 hr of photometry with Argos in
good conditions, but the faintness of our target introduced an r.m.s. scatter greater
than 2.3 percent relative amplitude. We therefore obtained additional time-series
photometry from larger facilities. Our journal of observations can be found in Ta-
ble 5.1.
We obtained 1.6 hr of photometry over two consecutive nights in 2012 Novem-
ber using the DIAFI instrument mounted on the 2.7 Harlan J. Smith telescope at
McDonald Observatory. Additionally, we obtained 2.3 hr in 2012 December using a
CCDmounted at the f/5 wavefront sensor of the 6.5mMMT telescope. Using stan-
dard IRAF routines we dark-subtracted and flat-fielded our raw science frames,
and applied a barycentric correction to this data using the IDL code of Eastman
et al. (2010).
Our 5.5 hr of data is spread over more than two years; we covered less than
four of the more than 12,000 orbital cycles that elapsed from the beginning to end
of our observations. We do not detect any significant photometric variability in
J0755+4906, although our limits are not very stringent, to 1.77% relative amplitude.
2.4.12 SDSS J233821.51-205222.8
J2338-2052 is another relatively faint binary (g = 19.6 mag) in our sample,
and has RV period of 110.1 ± 10.3 min (Brown et al. 2013). Using the same f/5
science camera on the 6.5m MMT as used with J0755+4906, we obtained 1.8 hr of
photometry on the J2338-2052 system. We do not detect significant photometric
variability, to a limit of 0.6% relative amplitude.
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2.4.13 SDSS J084910.13+044528.7
J0849+0445 is a 113.33 ± 0.14 min binary with a relatively high RV semi-
amplitude,K1 = 366.9± 14.7 km s−1(Kilic et al. 2010). We obtained 11.7 hr of pho-
tometry in 2013 March and April and detect variability at the orbital period with
0.78 ± 0.16% amplitude corresponding to Doppler beaming. There are likely some
atmospheric effects contributing to inflating this variability — we expect Doppler
beaming should induce a 0.40% amplitude signal given the RV semi-amplitude —
but we have only one bright comparison star in the Argos field-of-view, so we have
a more difficult time constraining the atmospheric contribution to our target light
curve. We do not detect any other significant photometric variability.
2.4.14 SDSS J002207.65-101423.5
J0022-1014 has RV period 115.1± 4.3min withK1 = 145.6± 5.6 (Kilic et al.
2011a). We do not detect any significant photometric variability, to a limit of 0.9%
amplitude, in the 2.2 hr of observations obtained over one night in 2010 October.
2.4.15 WD J075141.18-014120.9
WD0751-0141 contains an ELMWD in a 115.2± 4.0min binary with a mas-
sive unseen companion, which induces RV variability of K1 = 432.6 ± 2.3 km s−1
on the primary (Brown et al. 2013). The companion has a minimum mass of 0.94
M; assuming a random inclination, there is a nearly 50% chance the companion
is more massive than 1.4M.
We originally had a difficult time phasing the photometry using the orbital
period derived from the RV observations. We therefore obtained 63.2 hr of photo-
metric observations, spread from 2012 February to 2013 April. Much of this data
was obtained using the Puoko-Nui instrument mounted on the 1.0 m telescope at
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Mt. John Observatory, through the same BG40 filter as theMcDonald observations.
An FT of all 63.2 hr of data shows a well-resolved peak at 57.60907 ± 0.00003 min,
which is nearly half the RV-determined orbital period. We thus refined the orbital
period to 115.21814±0.00006 min, which provides for a muchmore coherent folded
light curve, shown in Figure 2.4.
Our time-series photometry reveals high-amplitude (3.20 ± 0.11% ampli-
tude) ellipsoidal variations of the ELM WD primary by the massive companion,
which constrains the radius of the ELMWDprimary, as discussed in Section 2.5.1.7.
We also detect a slight asymmetry in these tidal distortions best explained by a
0.24 ± 0.11% Doppler beaming signal; we expect a 0.33% amplitude effect given
K1.
2.4.16 SDSS J211921.96-001825.8
The ELM WD J2119−0018 is in a binary with a 124.95 ± 0.06 min orbital
period and a K1 = 383 ± 4 km s−1, yielding a minimum mass for the unseen com-
panion of 0.75 M (Brown et al. 2010). Observations of J2119−0018 were carried
out using over three nights in 2011 July, yielding 11.8 hr of coverage. Figure 2.4
shows the Argos light curve folded over the best-fit orbital period from the radial
velocity variations, 124.95 min, binned into 100 orbital phase bins.
Only the cos 2φ term for ellipsoidal variations appears with any statistical
significance in the Monte Carlo analysis of the folded light curve; our results were
first reported in Hermes et al. (2012a). This analysis yields an estimate for the
observed amplitude of the ellipsoidal variations of 1.45 ± 0.27 percent, which can
constrain the radius of the ELM WD primary, as discussed in Section 2.5.1.4. We
also see slight evidence for the sinφ term corresponding to Doppler beaming at
0.70 ± 0.27% amplitude; we expect a 0.42% amplitude signal givenK1 and Teff,1.
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2.4.17 SDSS J123410.36-022802.8
The 131.6 ± 5.8 min binary system J1234-0228 has the smallest RV semi-
amplitude in our sample, with K1 = 94.0 ± 2.3 km s−1 (Kilic et al. 2011a). We
obtained more than 8.4 hr of photometry in 2011 January and April. In an FT of all
our data we see evidence for variability at 76.861 ± 0.004 min with 0.30% relative
amplitude, which is close to but not exactly at the half-orbital period. However, we
also see a formally significant alias in the brightest comparison star at 76.824±0.002
min with 0.22% relative amplitude, so this signal is very likely an artifact from
atmospheric variability. Our Monte Carlo analysis does not reveal any significant
signals corresponding to Doppler beaming or ellipsoidal variations; we expect such
signals to have < 0.1% amplitude given thatK1 = 94 km s
−1 andM1 ∼ 0.23M.
2.4.18 SDSS J074511.56+194926.5
J0745+1949 is a heretofore unpublished binary containing an ELMWDwith
a 161.850± 0.014min orbital period andK1 = 109± 3 km s−1; the atmospheric pa-
rameters were outlined in Brown et al. (2012) and the orbital solution is in prepa-
ration (Gianninas et al. 2013, in prep.). We obtained 10.9 hr of photometry in
2012 November and December and 2013 March, and fold the data using the alias
in the FT closest to the half-orbital period, 161.84375 ± 0.00005 min.
We see high-amplitude ellipsoidal variations, with 1.07± 0.10% amplitude,
which can help us constrain the radius of the ELM WD primary, as discussed in
Section 2.5.1.6. We also see evidence for Doppler beaming at 0.30 ± 0.10% ampli-
tude; we expect a 0.15% amplitude signal givenK1.
The low surface gravity and 8190 K temperature of J0745+1949 put it near
the instability strip for pulsations in ELM WDs (see Chapter 4). However, we see
no evidence for variability at timescales other than the orbital- and half-orbital pe-
40
riods, to a limit of 0.4% amplitude, and include this star as an NOV4 in our search
for pulsations in He-core WDs (see Chapter 4). This star also happens to be one of
the most heavily polluted WDs known, with deep absorption lines of several dif-
ferent metals that corresponds to some of the highest metal abundances observed
in any WD; analysis of these abundances is in preparation.
2.4.19 SDSS J011210.25+183503.74
The 211.651 ± 0.043 min binary J0112+1835 is composed of an ELM WD
and an unseen companion; the RV semi-amplitude of 295 ± 2 km s−1 suggests the
unseen companion is at least 0.62 M (Brown et al. 2012). We obtained 12.8 hr of
photometry in 2011 September with Argos, which yield a formally significant de-
tection of ellipsoidal variations with 0.31±0.06% amplitude. Wewill use this signal
to constrain the radius of this ELMWD in Section 2.5.1.5. We expect a 0.34% ampli-
tude variation at the orbital period corresponding to Doppler beaming; however,
we see no evidence for this effect. Our three observations are 4.1 hr, 4.0 hr, and 4.8
hr in length, respectively, which make detecting a 3.5 hr signal more difficult.
2.4.19.1 Narrow-Band Photometry of a Compact Binary
We have also used J0112+1835 as a proof of concept to show that radial-
velocity variations in compact ELM WD binaries are detectable through narrow-
band photometry. Motivated by the observational technique of Robinson & Shafter
(1987), we used a custom narrow-band filter with a bandpass centered in the wing
of a hydrogen Balmer line to observe this compact binary, with the expectation
that radial-velocity variations would be manifest as periodic variations in the light
curve through this narrow-band filter. Figure 2.6 shows our result, comparing light
curves of J0112+1835 through two different filters. Spectroscopy shows J0112 is in
41
Figure 2.6 Proof of concept for a narrow-band photometric technique to discover
radial velocity variations in ELM WDs. The left panel shows a light curve of
J0112+1835 through a narrow-band filter centered in the blue wing of the Hγ line,
and confirms that this method will detect RV variability. The right panel shows the
same star through a broader BG40 filter; only low-amplitude ellipsoidal variations
twice per orbit are visible. Both light curves are folded at the previously known
orbital period of 3.5275 hr and duplicated for clarity.
a 3.5275 hr orbit with K1 = 295 ± 2 km s−1 (Brown et al. 2012). The left panel of
Figure 2.6 shows 5.2 hr of observations in 2012 October of J0112+1835 taken with
Argos using a custom interference filter centered at 4322 A˚, in the blue wing of the
Hγ absorption line, with a FWHM of 45 A˚. The right panel shows 12.8 hr of obser-
vations in 2011 September on the same telescope and instrument through a much
broader BG40 filter. Both light curves have been folded at the orbital period and
binned into 25 and 100 points, respectively. Observing less than two orbits with
narrow-band photometry confirms the RV variability, as well as the orbital period,
to the 3-σ level. This approach is limited to the brightest systems, since the inter-
ference filter scatters a significant amount of light, but it affords the opportunity to
further broaden the search for additional ultra-compact systems using photometry
instead of spectroscopy.
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2.4.20 SDSS J123316.20+160204.6
J1233+1602 is composed of a faint (g = 19.8mag) ELMWD in a 217.30±0.13
min orbital period with K1 = 336 ± 4 km s−1 (Brown et al. 2010). We obtained 5.6
hr of photometry using Argos; our first 2.9 hr run in 2011 May is separated by
more than two years from our three runs in 2013 May. Unfortunately we have not
covered a complete 3.6-hr orbit, but we have more than 88% of phase coverage.
We see some evidence for a signal corresponding to ellipsoidal variations in this
system, but our detection (0.60 ± 0.26% amplitude) is not yet formally significant.
2.5 Light Curve Analysis
We feature in Table 2.2 the full results from our Monte Carlo analysis of our
high-speed photometry of 20 merging low-mass WD binaries.
2.5.1 Inferred System Parameters from Ellipsoidal Variations
We have used the amplitudes of the observed cos(2φ) variations in the light
curve, which we interpret as ellipsoidal variations of the primary by the unseen
companion, in order to constrain the radius of the ELM WD primary in seven of
our systems. In each case, we can put an observed lower-limit on the radius of
the ELMWD (the inclination is not known, which effectively increases the inferred
ELM WD radius) using Equation 2.3. For the binaries with a primary with Teff
> 10,000 K, we assume all energy transport at the surface is radiative and thus
the gravity darkening coefficient is τ1 = 1.0. We assume linear limb-darkening
coefficients using the atmosphere models of Gianninas et al. (2013). In some cases,
we use the spectroscopically determined surface gravity to constrain the inclination
of the system, and thus the companion mass. While we see ellipsoidal variations
in the J0651+2844, the eclipses provide a much more robust measurement of the
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Table 2.2. Light Curve Analysis of 20 Merging Low-Mass WD Binaries
Object Porb,spec Porb,fold sin(φ) cos(2φ) cos(φ) sin(2φ) M1 r1
(min) (min) (%) (%) (%) (%) (M) (R)
J0651+2844 12.75(1) 12.7534424 0.56(07) 4.01(07) 0.02(07) 0.01(07) 0.26 0.0371(12)1
J0106−1000 39.10(3) 39.10406 0.23(12) 1.77(12) 0.00(12) 0.01(12) 0.17 0.05− 0.075
J1630+4233 39.8(1) 39.830 0.31(13) 0.04(13) 0.05(13) 0.04(13) 0.30 · · ·
J1053+5200 61.3(1) 61.286 0.23(16) 0.36(16) 0.04(16) 0.24(16) 0.20 · · ·
J0056−0611 62.47(3) 62.466700 0.04(08) 0.52(08) 0.02(08) 0.05(08) 0.17 0.045− 0.0675
J1056+6536 62.7(2) 62.654 0.69(29) 0.34(29) 0.09(29) 0.20(29) 0.34 · · ·
J0923+3028 64.7(7) 64.8482 0.43(13) 0.00(13) 0.00(13) 0.16(13) 0.23 · · ·
J1436+5010 66.0(1) 65.95 0.35(08) 0.12(08) 0.01(08) 0.07(08) 0.24 · · ·
J0825+1152 83.79(1) 83.7936 0.42(19) 0.01(19) 0.02(19) 0.19(19) 0.26 · · ·
J1741+6526 87.996(6) 87.9984 0.50(08) 1.30(08) 0.11(08) 0.03(08) 0.16 0.067 − 0.085
J0755+4906 91(3) 90.749 0.03(44) 0.94(44) 0.00(44) 0.00(44) 0.17 · · ·
J2338−2052 110(10) 110.07 0.05(20) 0.28(20) 0.00(20) 0.05(20) 0.27 · · ·
J0849+0445 113.3(1) 113.2013 0.78(16) 0.41(16) 0.03(16) 0.05(16) 0.17 · · ·
J0022−1014 115(4) 115.04 0.10(30) 0.16(30) 0.07(30) 0.10(30) 0.33 · · ·
J0751−0141 115(4) 115.21814 0.24(11) 3.20(11) 0.00(11) 0.00(11) 0.16 0.115 − 0.158
J2119−0018 124.95(6) 124.949 0.70(27) 1.45(27) 0.01(27) 0.12(27) 0.17 0.089 − 0.134
J1234−0228 132(6) 131.66 0.07(08) 0.00(08) 0.10(08) 0.00(08) 0.23 · · ·
J0745+1949 161.8(1) 161.84375 0.30(10) 1.07(10) 0.00(10) 0.16(10) 0.17 > 0.12
J0112+1835 211.65(4) 211.55545 0.01(06) 0.31(06) 0.00(06) 0.01(06) 0.16 0.075 − 0.125
J1233+1602 217.3(1) 217.30 0.01(26) 0.60(26) 0.00(26) 0.00(26) 0.17 · · ·
Note. — (1) Radius measured from eclipses (see Chapter 3)
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inferred low-mass WD radius, so we do not include its analysis here. We present
our results here in order of decreasing surface gravity, which should roughly be
in order of increasing inferred ELM WD radius, since models predict these low
surface-gravity WDs have masses 0.16 − 0.17M for their given temperatures.
2.5.1.1 J0056-0611
We use the 0.52±0.08% amplitude ellipsoidal variations to constrain the ra-
dius of the ELMWD in J0056−0611 utilizing Equation 2.3, assuming a linear limb-
darkening coefficient of u1 = 0.46, and present the results graphically in the top
panel of Figure 2.7. Regardless of any other assumptions, we show that R1 > 0.04
R. However, we can constrain our system further by using the spectroscopically
determined surface gravity.
We show in the top panel of Figure 2.7 the location of the radius we would
infer for this ELM WD given its surface gravity, R1 = (GM/g)
1/2, and include the
1-σ uncertainties that would result from the uncertainties on both the measured
surface gravity (in dark red) and also including the uncertainties in the derived
mass (in dark green). We use the region where both radius estimates intersect,
within the 1-σ uncertainties, to constrain the inclination of the system to 32 < i <
64 degrees. This then constrains the companion mass to 0.6 < M2 < 1.9 M, as
shown in the bottom panel of Figure 2.7.
The best match to the observed surface gravity occurs for i = 42◦, which
would imply that the unseen companion is a roughly 1 M WD. If we use the
surface gravity constraint on the inclination angle, we can constrain the primary
radius to 0.045 < R1 < 0.0675 R.
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Figure 2.7 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 0.52 ± 0.08% amplitude ellipsoidal variations observed
in J0056−0611, and includes 1-σ uncertainties. We can also use the determined
surface gravity and mass to predict an expected ELMWD radius; this is plotted as
a dark red dot, with dashed lines showing the 1-σ uncertainties from the surface
gravity alone (dark red) and the surface gravity and the inferred mass (dark green).
This constrains the inclination to 32 < i < 64 degrees, which we use in the bottom
panel to constrain the companion mass to 0.6 < M2 < 1.9M.
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2.5.1.2 J0106-1000
J0106−1000 is another system in which we can use the 1.77 ± 0.12% ampli-
tude ellipsoidal variations to constrain the radius of the ELM WD primary. The
top panel of Figure 2.8 shows the run of the inferred radius modulo the system
inclination, assuming u1 = 0.40. We find that R1 > 0.05 R.
We have again used the spectroscopically derived surface gravity of this
ELMWD to put constraints on the inclination, and find that i > 32, which indicates
that the companion mass should be 0.4 < M2 < 1.45 M, making the unseen
companion very likely another WD. For this run of inclinations, we infer 0.05 <
R1 < 0.075 R for the visible ELMWD primary.
2.5.1.3 J1741+6526
Our original results using the observed ellipsoidal variations of J1741+6526
to infer the radius of the primary ELMWD in that systemwere originally reported
in Hermes et al. (2012a). We have obtained an additional 3.5 hr of coverage, which
refines the observed ellipsoidal variations to 1.30 ± 0.08% amplitude. Assuming a
linear limb-darkening coefficient of u1 = 0.54, we plot a run of the inferred radius
versus inclination in the top panel of Figure 2.9.
Our photometry rules out 2% or deeper primary eclipses, which constrains
the system inclination to be less than 85◦. The minimum radius of the ELMWD in
J1741+6526 is thus 0.067 R. This also implies that the mass of the unseen compan-
ion exceeds 1.11M.
The original atmospheric parameters for this ELM WD were reported in
(Brown et al. 2012). However, we fit the observations to a grid of model atmo-
spheres that only extended to log g = 5.0, and many of those fits bottomed out at
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Figure 2.8 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 1.77±0.12% amplitude ellipsoidal variations observed in
J0106−1000, and includes 1-σ uncertainties. We can also use the determined surface
gravity and mass to predict an expected ELMWD radius; this is plotted as a dark
red dot, with dashed lines showing the 1-σ uncertainties from the surface gravity
(dark red) and surface gravity and inferred mass (dark green). This constrains the
inclination to i > 32 degrees, which we use in the bottom panel to constrain the
companion mass to 0.4 < M2 < 1.45M.
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Figure 2.9 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 1.30 ± 0.08% amplitude ellipsoidal variations observed
in J1741+6526, and includes 1-σ uncertainties. As described previously, we can use
the determined surface gravity and mass to predict an expected ELM WD radius,
marked as a dark red dot. This constrains the inclination to i > 53◦, which con-
strains the companion mass to 1.1 < M2 < 1.9M.
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5.0, deriving an extremely low surface gravity, log g = 5.19 ± 0.06. This would
correspond to a 0.16 ± 0.02 M ELM WD, which would infer a radius of roughly
0.168 R. This is in contradiction with the allowed radius of the ELMWD primary,
which runs from 0.067− 0.095 R for all system inclinations above 40◦ (for inclina-
tions below this amount, the unseen companion would have a mass in excess of 4
M).
We have used the extendedmodel atmospheres described at length in Her-
mes et al. (2013d) and Brown et al. (2013) to re-fit the observed optical spectrum
of this low-mass WD. Our new fits find that this is a Teff = 10540 ± 100 K, log g
= 6.00 ± 0.04 WD, which suggest a 0.068 R WD, consistent with our inferred ra-
dius from the ellipsoidal variations. The uncertainties on this expected ELM WD
radius constrains the inclination to i > 53◦, which in turn implies the compan-
ion mass should be between 1.1 < M2 < 1.9 M. The ellipsoidal variations and
surface gravity combine to show that the radius of the ELMWD is likely between
0.067 − 0.085 R.
2.5.1.4 J2119-0018
Our original result for J2119−0018 was outlined in Hermes et al. (2012a),
but we have refined the analysis slightly to be more in line with the other systems
that evidence tidal distortions. We have used the observed 1.45 ± 0.27% ampli-
tude ellipsoidal variations and assumed u1 = 0.52 to constrain the radius of the
ELM WD primary visible in the system, and display the results as a function of
inclination in the top panel of Figure 2.10.
Given the observed surface gravity, we expect a 0.17M ELMWD to have
a radius no larger than about 0.09 R. This is slightly smaller than the lower-limit
we measure from the amplitude of the ellipsoidal variations, which suggests this
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Figure 2.10 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 1.45 ± 0.27% amplitude ellipsoidal variations observed
in J2119−0018, and includes 1-σ uncertainties. If we use the determined surface
gravity andmass to predict an expected ELMWD radius, we do not expect an ELM
WDwith a radius larger than 0.09R, which is slightly smaller than the lower-limit
we measure from the ellipsoidal variations. This suggests the system might be at
relatively high inclination, which would indicate that the unseen companion is a
∼ 0.8M WD.
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system might be at relatively high inclination, near 80◦. We choose to only put
limits on the primary radius and companion mass: M2 > 0.75M and R1 > 0.089
R.
2.5.1.5 J0112+1835
J0112+1835 appears to be another ELM WD for which the tidal distortions
can put reasonable constraints on the nature of both the ELMWD primary and the
unseen companion. Assuming u1 = 0.51, we have used the observed 0.31 ± 0.06%
amplitude ellipsoidal variations to infer the radius of the ELMWDprimary, as seen
in Figure 2.11. This is the lowest-amplitude detection of ellipsoidal variations in
our sample, but our detection is significant to better than 5-σ and is clearly visible
in the folded light curve found in Figure 2.5.
We pair the inferred ELMWDradius rangewith the expected radius of such
a star given the surface gravity in order to estimate the inclination of this compact
binary. This moderately constrains the inclination to be between i > 37 degrees,
which in turn constrains the unseen companion to a mass between 0.6 < M2 < 2.0
M. For this run of inclinations we infer 0.075 < R1 < 0.0125 R.
Our surface gravity estimate suggests an inclination of i ∼ 60◦, for which
the unseen companion is a relatively massiveM2 ∼ 0.85M WD.
2.5.1.6 J0745+1949
We have computed a range of inferred radii for J0745+1949, assuming u1 =
0.58 for this relatively cool ELM WD, shown in the top panel of Figure 2.12. The
radius inferred from the ellipsoidal variations of the primary appears somewhat
larger that we would expect given its surface gravity; we expect a radius around
0.10 R, but observe a minimum radius at high inclinations of about 0.12 R.
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Figure 2.11 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 0.31 ± 0.06% amplitude ellipsoidal variations observed
in J0112+1835, and includes 1-σ uncertainties. As before, we use the determined
surface gravity and mass to predict an expected ELM WD radius. This constrains
the inclination to i > 37 degrees, which we use in the middle panel to constrain the
companion mass to 0.6 < M2 < 2.0M.
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Figure 2.12 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 1.07 ± 0.10% amplitude ellipsoidal variations observed
in J0745+1949, and includes 1-σ uncertainties. If we use the determined surface
gravity and mass to predict an expected ELM WD radius, we do not expect an
ELM WD with a radius larger than 0.12 R, which is slightly smaller than the
lower-limit we measure from the ellipsoidal variations. The unseen companion is
most likely a cooler ELMWD.
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This 8190 KWD is the coolest in our sample with ellipsoidal variations, and
the assumption of a radiative atmospheremay not be valid. However, changing the
gravity darkening coefficient from 1.0 to 0.36 only serves to increase the inferred
ELMWD radius, by about 15% for each inclination angle. Decreasing the observed
surface gravity by about 0.20 dex allows for overlap between the two observations,
which would continue to suggest a relatively high inclination. However, due to
this ambiguity, we cannot put good constraints on the system inclination. Regard-
less, the unseen companion is likely a cooler ELM WD with M2 < 0.2 M for all
inclinations i > 40◦, which appears likely given that the radius we infer from the
surface gravity comes closest to the observations for i ∼ 80◦.
2.5.1.7 WD0751-0141
We observe the highest-amplitude ellipsoidal variations in our sample in
the systemWD0751−0141, which we measure to have 3.20± 0.11% amplitude. As-
suming a linear limb-darkening coefficient of u1 = 0.41, we can use these tidal dis-
tortions to infer the radius of this ELMWD, shown in the top panel of Figure 2.13.
Given the observed surface gravity and the uncertainty on the mass of the
primary, we expect a radius of 0.128+0.016−0.011 R, which is marked in Figure 2.13.
Our observed ellipsoidal variations could be explained by a 0.128 R ELMWD for
a system inclination of 63◦, which when paired with the RV mass function would
imply that the unseen companion is a 1.24M compact object. However, in order to
more fully accommodate all the uncertainties in the inferred observed WD radius,
surface gravity and mass, a more conservative estimate on the constraint on the
inclination runs from 42 < i < 85 degrees, which implies that the companion mass
is 1.0 < M2 < 2.5 M. This suggests the ELM WD primary has a radius between
0.115 − 0.158 R.
55
Figure 2.13 The top panel shows allowed values for the radius, modulo the system
inclination, to explain the 3.20 ± 0.11% amplitude ellipsoidal variations observed
in WD0751−0141, and includes 1-σ uncertainties. We also use the determined sur-
face gravity and mass to predict an expected ELMWD radius. This constrains the
inclination to i > 42 degrees, which we use in the bottom panel to constrain the
companion mass to 1.0 < M2 < 2.5M.
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2.5.2 Constraining the Low-Mass WDMass-Radius Relation
Now that we have inferred constraints on the radii of seven ELMWDs us-
ing the amplitudes of their ellipsoidal variations, we can put them into context
by comparing the theoretical and observational mass-radius relationship, shown
in Figure 2.14. These seven tidally distorted ELM WDs are the lowest-mass WDs
with radius constraints, so our observational results fill an important and relatively
untested part of the picture.
The most precise constraints on the radius of low-mass WDs comes from
detached eclipsing systems. Fortunately, there are now five known low-mass WDs
in eclipsing binaries: NLTT 11748, CSS 41177 A&B, GALEX J1717, and J0651+2844
(Steinfadt et al. 2010b, Parsons et al. 2011, Vennes et al. 2011, Brown et al. 2011c).
Our measurements for J0651+2844 are discussed in more detail in Chapter 3. We
include these objects as black squares in Figure 2.14.
Additionally, there are four known low-mass WDs in eclipsing binaries
with A-star companions, all recently discovered in the Kepler field. The radii of the
low-mass WDs in these systems can provide a useful context for the least-massive
tail of theWDmass-radius relationship. TheseWDs are KOI81B, KOI74B, KHWD3,
and KHWD4 (van Kerkwijk et al. 2010, Rowe et al. 2010, Carter et al. 2011, Breton
et al. 2012). We mark these low-mass WDs as green squares in Figure 2.14, and
differentiate between the other WDs because the A-star companions may provide
a different environment for the low-mass WDs, and could contribute to inflating
the radius of the WD (Carter et al. 2011).
Our work with tidally distorted ELMWDs in compact binaries nearly dou-
bles the number of systems in which we can constrain the radius of an ELM WD,
adding seven new measurements to the nine previously reported nine in the liter-
ature. We mark these objects as blue points in Figure 2.14. These results greatly
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extend our understanding of the observational mass-radius relationship for He-
core WDs, and as expected, these lower surface gravity (and lower mass) WDs
have larger radii than typical 0.6M Earth-sized WDs.
Interpolating the model atmosphere grids to derive a mass for a given sur-
face gravity still requires considerable guesswork (see Figure 4.14 and its discus-
sion in Chapter 4 of this dissertation). Therefore, in order for us not to have multi-
ple overlapping 0.16 and 0.17M WDs, the masses for these seven tidally distorted
WDs have been slightly scaled by surface gravity, so that the lowest surface gravity
objects are staggered and have slightly lower masses plotted in Figure 2.14.
For J0056−0611, J0106−1000, J0112+1835, andWD0751−0141, the value dot-
ted for the radius corresponds to the value expected for the observed surface grav-
ity. For the other three systems the dot corresponds to the radius for which i = 80◦,
since the surface gravity suggests a radius at the low end of the ELM WD radii
inferred from the ellipsoidal variations. This plot is most useful in displaying the
maximum and minimum radius allowed by the observed ellipsoidal variations;
this forms the upper and lower limits of the y-axis errors for each tidally distorted
WD. Since no system is observed to eclipse to at least 2% amplitude, the lower
limit of the inferred radius is the radius at the highest allowable inclination, usu-
ally around i = 85◦. The upper limit on the inferred radius occurs at the inclination
for which the unseen companion would exceed 3 M, a relatively arbitrary but
solid constraint from ELMWD formation scenarios. This gives us the radius limits
shown, which are also described in Table 2.2.
2.5.3 Monitoring for the Effects of Gravitational Waves
Finally, the ellipsoidal variations in the shortest-period systems in our sam-
ple provide a unique opportunity to act as a stable clock which can be used to
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Figure 2.14 Observed mass and radius determinations for low-mass (He-core)
WDs. The radius measurements for points marked by squares came from eclips-
ing systems and the blue dots from the amplitude of ellipsoidal variations, as in
this work. The seven systems for which we can use the ellipsoidal variations
to constrain the ELM WD radius are, in decreasing order of surface gravity: (A)
J0056−0611; (B) J0106−1000; (C) J1741+6526; (D) J2119−0018; (E) J0112+1835; (F)
J0745+1942; (G) WD0751−0141. The mass-radius determinations from eclipsing
systems come from several references: (1) NLTT 11748 (Steinfadt et al. 2010b, Kilic
et al. 2010); (2) KOI81B (van Kerkwijk et al. 2010, Rowe et al. 2010); (3) KOI74B (van
Kerkwijk et al. 2010); (4) KHWD3 (Carter et al. 2011); (5 and 6) CSS 41177 A and B
(Parsons et al. 2011); (7) GALEX J1717 (Vennes et al. 2011); (8) KHWD4 (Breton et al.
2012); and (9) J0651+2844 (Hermes et al. 2012b). Wemark those systemswhich may
be bloated because their companions are A stars in dark green. To guide the eye we
include the theoretical mass-radius tracks for He-coreWDs from Panei et al. (2007),
which cover a range of temperatures. We have also marked the radii of Earth and
Jupiter for reference.
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monitor any changes to the system as a result of orbital decay from the emission
of gravitational wave radiation. In each case, the ellipsoidal variations show that
the tidal bulge of the primary is synchronized with the orbital period. As that
orbital period shrinks with the emission of gravitational waves, the primary will
be spun up, and the period of the ellipsoidal variations should decrease, which
we can detect by monitoring the arrival times of the ellipsoidal variations. Some
of these systems are so compact that it is possible to detect the influence of such
gravitational waves on multiple systems within a decade or less.
We have already seen that such amonitoring campaign is possible: We have
used the time-of-minima of the ellipsoidal variations in the 12.75-min WD+WD bi-
nary J0651+2844 to detect the rapid orbital decay due to gravitational wave radia-
tion. More on that system will be discussed in Chapter 3.
The most compact binary in our sample that displays ellipsoidal variations,
aside from J0651+2844, is the 39.1-min J0106−1000. The system is a strong source
of gravitational wave radiation; assuming an inclination of 60◦, the system will
merge within 40 Myr. We expect the emission of gravitational waves to cause the
orbit to decay at roughly dP/dt = −1.1× 10−12 s s−1, which will produce a change
in the half-orbital period of dP/dt = −5.5 × 10−13 s s−1. We have constructed an
(O−C) diagram of the time-of-minima of the ellipsoidal variations, guided by the
period of the highest peak in the FT of our Argos dataset, 39.104063 min. We find
dP/dt = (0.3 ± 6.4) × 10−10 s s−1, consistent with flat, as we’d expect with less
than a single year of coverage. However, this effect piles up with time-squared, so
we expect this time of minima to change by more nearly 35 s within 12 years of
our initial observations. Our 2011 phase measurements have an r.m.s. scatter of
roughly 11 s, comparable to the formal uncertainty in phase for that whole year’s
worth of data, making this detection of orbital period decay a relatively simple
60
Table 2.3. Expected Rates of Period Change from Gravitational Waves
Object Porb M1 M2 dP/dtGR τdetect T0,ELV
(min) (M) (M) (10−13 s s−1) (yr) (BJDTDB)
J0651+2844 12.7534424 0.26 0.50± 0.04 −82± 17 < 1 2455652.5980910(84)1
J0106−1000 39.10406 0.17 0.7+0.8
−0.4 −6
+3
−4 12 2455533.56210(11)
J0056−0611 62.466700 0.17 1.1+0.8
−0.5 −4
+3
−7 25 2455891.60676(42)
J1741+6526 87.9984 0.17 1.1+0.8
−0.1 −2
+1
−1 28 2455686.76149(21)
J0751−0141 115.21814 0.16 1.2+1.5
−0.3 −2
+1
−5 17 2455960.700532(54)
J2119−0018 124.949 0.17 0.8+0.2
−0.1 −1
+1
−1 49 2455769.84049(61)
J0745+1949 161.84375 0.17 0.11+0.10
−0.02 −0.12
+0.01
−0.03 109 2456245.89337(33)
J0112+1835 211.55545 0.17 0.8+1.3
−0.2 −0.4
+0.2
−1.8 134 2455808.79083(91)
Note. — (1) See Chapter 3
measurement to make given a long enough baseline. With comparable coverage
roughly every other year, we can expect a 3-σ detection of the spin-up of the tidal
bulge due to the emission of gravitational waves by 2023.
We have made a similar set of calculations for the six other systems with
ellipsoidal variations, and include the information in Table 2.3. We have calculated
here for these other systems the time it would take to make a 3-σ detection of the
period change given the phase uncertainty of our best subset, listed as τdetect. This
value is an upper limit, since more observations can greatly increase the accuracy
with which we can measure the minima of the ellipsoidal variations. We also in-
clude the T0 from the first epoch of observations, which can be used in the future to
construct an updated (O−C) diagramwith more coverage. Additionally, we show
the (O − C) diagrams for the systems for which we have more than one epoch of
observations in Figure 2.15.
Continued observations of these tidally distorted systems holds the exciting
prospect of monitoring, on relatively accessible timescales, the evolution of these
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Figure 2.15 Observed (O − C) diagrams for the tidally distorted systems in our
sample with multiple epochs of observations. We plot here the times-of-minima
of the ellipsoidal variations observed from season-to-season. At top is J0106−1000,
followed by J1741+6526 offset by−150 s, followed byWD0751−0141 offset by−300
s, and finally J0745+1942 offset by −450 s. The ephemeris times for these observa-
tions can be found in Table 2.3. The best-fit parabola is shown for each system, but
so far the observations are consistent with flat (O−C) diagrams, with no significant
rate of period change detected.
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binaries as a result of the emission of gravitational wave radiation.
2.6 Conclusions
We present the discovery of eight new low-mass WDs that display ellip-
soidal variations, the first detached tidally distorted white dwarf stars ever found.
We use the amplitude of the observed ellipsoidal variations to constrain the radius
of this rare, fluffy class of WDs. These new measurements, plus Kepler Hot White
Dwarf 3 (R ∼ 0.15R Carter et al. 2011) and GALEX J171708.5+675712 (R ∼ 0.1R
Vennes et al. 2011), are the largest radii WDs ever observed. Unlike the typical
Earth-sized 0.6M CO-core WDs, these<0.20M He-core WDs are similar in size
to (some even larger than) a giant planet such as Jupiter. There are less than a
dozen other empirical mass-radius determinations for low-mass (presumably He-
core) WDs, and we plot our results with the theoretical mass-radius relations from
evolutionary models by Panei et al. (2007) in Figure 2.14. Evolution models predict
that He-core WDs with masses less than about 0.18 M should sustain substan-
tial hydrogen shell burning (Serenelli et al. 2002, Panei et al. 2007, Steinfadt et al.
2010a). In fact, a majority of the flux from these ≤ 0.18 M WDs comes from this
residual burning. This should in turn cause a considerable increase in their radius,
which has so far been borne out in our empirical mass-radius determinations. In
addition, unless the systems are perfectly synchronized, tidal heating may also oc-
cur, which acts to heat the primary low-mass WD, effectively inflating it (Fuller &
Lai 2012).
We have detected the strongest Doppler beaming signals ever measured for
binary systems, as a result of the high-amplitude radial-velocity variations. The
signals observed from Doppler beaming generally confirm previously published
measurements of the radial velocity variations in these systems.
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The orbital periods in these systems are decaying due to the emission of
gravitational radiation; all will merge within 3 Gyr. It is possible to use the time-
of-minimum of the ellipsoidal variations in the objects that display ellipsoidal vari-
ations to detect this orbital period decay. This rate of the orbital period change is
sensitive to the mass of the unseen secondary, but we have used the inferred ra-
dius from the ellipsoidal variations with the spectroscopically determined surface
gravity to constrain the inclination of the system with respect to Earth and thus
constrain the companion mass. It will be possible to detect the spin-up of the tidal
bulge due to gravitational wave radiation for at least two of our compact binaries
within two decades, even with sparse observations every few years.
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Table 2.4. Journal of photometric observations.
Run UT Date Length Seeing Exp.
(hr) (′′) (s)
J0651+2844
A2567 2012 Jan 21 5.9 1.9 15
A2569 2012 Jan 22 1.9 2.2 10
A2573 2012 Jan 23 6.6 2.0 15
A2576 2012 Jan 24 5.8 1.3 10
A2579 2012 Jan 26 4.5 2.5 15
A2582 2012 Jan 28 3.5 1.7 10
A2585 2012 Jan 29 5.9 2.0 10
A2587 2012 Jan 30 8.0 1.6 10
A2589 2012 Jan 31 8.2 1.5 5
A2592 2012 Feb 01 4.5 1.4 10
A2596 2012 Feb 02 5.6 1.7 10
Overall 60.4 1.8
J0106-1000
A2259 2010 Dec 03 2.6 1.4 30
A2444 2011 Sep 02 2.2 1.3 30
GMOSg 2011 Sep 23 2.1 1.4 30
A2463 2011 Sep 29 2.3 1.1 20
GMOSr 2011 Oct 02 2.2 1.2 30
A2478 2011 Oct 04 2.4 1.4 30
A2480 2011 Oct 22 2.7 1.5 30
A2487 2011 Oct 24 2.8 1.1 20
Overall 14.9 1.3
J1630+4233
A2404 2011 May 07 2.8 1.4 15
A2429 2011 Jul 27 2.9 1.5 15
A2434 2011 Jul 28 2.2 1.3 30
Overall 7.8 1.4
J1053+5200
A1849 2009 Mar 24 1.5 1.7 15
A2629 2012 Mar 16 1.0 1.3 15
A2863 2013 May 13 2.2 1.4 10
Overall 4.7 1.5
J0056-0611
A2515 2011 Nov 26 2.4 2.3 15
A2522 2011 Nov 28 1.2 2.3 15
A2529 2011 Nov 30 2.5 1.7 15
A2532 2011 Dec 01 2.6 2.3 15
A2572 2012 Jan 23 2.5 2.0 15
A2575 2012 Jan 24 0.9 1.3 10
Overall 12.2 2.0
J1056+6536
A2593 2012 Feb 01 1.8 1.8 15
A2652 2012 Apr 18 1.2 2.0 15
Overall 3.0 1.9
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Table 2.4—Continued
Run UT Date Length Seeing Exp.
(hr) (′′) (s)
J0923+3028
A2292 2010 Dec 08 1.5 2.5 5
A2297 2010 Dec 09 4.8 3.0 5
A2302 2010 Dec 10 4.5 1.9 5
Overall 10.8 2.5
J1436+5010
A2141 2010 Jun 06 1.6 1.6 15
A2670 2012 Apr 23 2.5 1.4 15
A2805 2013 Mar 11 4.9 1.6 15
A2829 2013 Mar 19 3.5 1.6 15
Overall 12.5 1.6
J0825+1152
A2502 2011 Nov 22 2.6 2.6 15
A2773 2012 Dec 17 4.6 3.5 30
Overall 7.2 3.2
J1741+6526
A2400 2011 May 05 4.6 1.8 15
A2406 2011 May 08 2.8 1.6 15
A2457 2011 Sep 08 2.3 1.4 20
A2680 2012 Jun 16 1.6 1.7 15
A2702 2012 Jul 10 1.8 1.6 30
Overall 13.0 1.6
J0755+4906
A2247 2010 Nov 13 1.6 1.5 30
Diafe1 2012 Nov 14 0.9 1.3 60
Diafe2 2012 Nov 15 0.7 1.5 60
MMT1 2012 Dec 12 2.3 1.4 120
Overall 5.5 1.4
J2338-2052
MMT2 2012 Nov 03 1.8 1.7 30
J0849+0445
A2821 2013 Mar 16 6.7 1.7 15
A2823 2013 Mar 17 3.3 1.5 30
A2848 2013 Apr 08 1.7 1.6 15
Overall 11.7 1.6
J0022-1014
A2201 2010 Oct 08 2.2 1.7 30
WD0751-0141
A2599 2012 Feb 03 5.4 1.8 5
A2604 2012 Feb 15 1.9 2.5 15
A2613 2012 Feb 20 3.3 1.9 10
A2617 2012 Mar 13 0.9 1.7 15
A2620 2012 Mar 14 4.2 1.8 15
A2765 2012 Dec 11 5.4 3.0 10
MJ001 2012 Dec 12 4.1 3.6 30
MJ002 2012 Dec 14 2.5 3.8 45
MJ003 2012 Dec 15 3.9 3.1 45
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Table 2.4—Continued
Run UT Date Length Seeing Exp.
(hr) (′′) (s)
A2771 2012 Dec 16 3.6 2.5 30
MJ004 2012 Dec 16 3.6 4.1 45
A2781 2012 Dec 20 6.0 4.6 30
A2783 2013 Jan 13 3.4 7.1 15
A2787 2013 Jan 14 3.9 2.9 15
MJ008 2013 Jan 15 3.8 3.6 45
A2832 2013 Apr 02 2.0 2.9 15
A2834 2013 Apr 03 2.0 3.1 15
A2836 2013 Apr 04 3.2 2.2 15
Overall 63.2 3.2
J2119-0018
A2430 2011 Jul 27 2.8 1.3 30
A2435 2011 Jul 28 3.9 1.1 30
A2438 2011 Jul 30 5.1 1.3 30
Overall 11.8 1.2
J1234-0228
A2343 2011 Jan 08 2.8 1.3 10
A2348 2011 Jan 10 3.0 3.1 15
A2374 2011 Apr 06 2.7 1.9 10
Overall 8.4 2.1
J0745+1949
A2749 2012 Nov 14 2.8 1.3 15
A2753 2012 Nov 15 2.3 1.9 15
A2770 2012 Dec 15 2.3 3.0 30
A2780 2012 Dec 19 1.9 2.3 5
A2797 2013 Mar 08 1.7 1.5 10
Overall 10.9 2.0
J0112+1835
A2450 2011 Sep 04 4.1 1.2 10
A2453 2011 Sep 06 4.0 1.6 10
A2456 2011 Sep 07 4.8 1.5 15
Overall 12.8 1.4
J1233+1602
A2396 2011 May 04 2.9 1.5 30
A2856 2013 May 07 1.8 1.7 30
A2858 2013 May 08 2.0 1.2 30
A2870 2013 May 17 1.8 1.2 20
Overall 5.6 1.3
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Chapter 3
Gravitational Waves from a 12.75-min WD+WD Binary
We report the detection of orbital decay in the 12.75-min, detached binary
white dwarf (WD) SDSS J065133.338+284423.37 (hereafter J0651). Our photometric
observations over a 13-month baseline constrain the orbital period to 765.206543(55)
s and indicate the orbit is decreasing at a rate of (−8.9±1.0)×10−12 s s−1 (or−0.28±
0.03ms yr−1). We revise the system parameters based on our new photometric and
spectroscopic observations: J0651 contains twoWDswithM1 = 0.26±0.04M and
M2 = 0.50± 0.04M. General relativity predicts orbital decay due to gravitational
wave radiation of (−8.2 ± 1.7) × 10−12 s s−1 (or −0.26 ± 0.05 ms yr−1). Our ob-
served rate of orbital decay is consistent with this expectation. J0651 is currently
the second-loudest gravitational wave source known in the milli-Hertz range and
the loudest non-interacting binary, which makes it an excellent verification source
for future missions aimed at directly detecting gravitational waves. Our work es-
tablishes the feasibility of monitoring this system’s orbital period decay at optical
wavelengths.1
3.1 Introduction
The 12.75-minute orbital period detached binary WD system J0651+2844
was discovered by Brown et al. (2011c) as part of the extremely low mass (ELM,
1Significant portions of this chapter have been previously published as: J. J. Hermes, Mukremin Kilic,
Warren R. Brown, D. E. Winget, Carlos Allende Prieto, A. Gianninas, Anjum S. Mukadam, Antonio
Cabrera-Lavers, and Scott J. Kenyon, The Astrophysical Journal, 757, L21 (2012)
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≤ 0.25 M) WD Survey, a targeted spectroscopic search for ELM WDs. While
that survey has yielded dozens of merger systems, with orbital periods of tens of
minutes to hours (Brown et al. 2013), none are as compact as J0651+2844.
In addition to a large radial-velocity amplitude, this double degenerate sys-
tem is oriented in such a way that it yields a wealth of photometric information:
eclipses of each star by the other, ellipsoidal variations and Doppler boosting (see
Chapter 2). While photometric observations engender an accurate way to measure
the orbital and system parameters, they also provide multiple clocks with which to
monitor the orbital evolution of the system.
The orbital decay of compact binary systems is currently the best method to
detect the influence (and existence) of gravitational waves, and few known systems
are radiating as strongly or decaying as rapidly as J0651+2844. There are presently
just five binaries known with orbital periods less than 15 minutes, and the other
four are interacting: three are the AMCVn systemsHMCnc, V407 Vul, and ES Cet,
and the other is the low-mass X-ray binary 4U 1820-30 (Israel et al. 1999, Haberl
& Motch 1995, Steeghs et al. 2006, Warner & Woudt 2002, Stella et al. 1987). Af-
ter the 5.4-minute HM Cnc (Israel et al. 2002, Roelofs et al. 2010), J0651+2844 is
the second-loudest gravitational wave source known in the milli-Hertz frequency
range (Amaro-Seoane et al. 2012). J0651 is thus the shortest-period detached com-
pact binary known and the cleanest system to observe at optical wavelengths for
orbital decay due to gravitational wave radiation.
Here we present follow-up photometric and spectroscopic observations of
J0651+2844, refine orbital and system parameters, and report the detection of rapid
orbital decay in the system, predominantly due to the emission of gravitational ra-
diation. We discuss the orbital period change in the context of expectations from
general relativity, as well as deviations expected due to tidal interactions. Since
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the publication of this discovery in Hermes et al. (2012b) after 2012 May, we have
obtained an additional 104 hr of photometry, bringing our total baseline of obser-
vations to more than two years. We first present our published result, and update
our analysis with our additional year of observations.
3.2 Initial Detection of Rapid Orbital Decay
3.2.1 Photometric Observations
The majority of our photometric observations were carried out in an iden-
tical manner to the discovery observations described in Brown et al. (2011c), with
the Argos instrument, through a 3 mmBG40 filter to reduce sky noise. We obtained
5− 30 s exposures of the target, with a typical exposure time of 10 s, depending on
the observing conditions. Additionally, we obtained nearly 3 hr of data in Decem-
ber 2011 using the Agile instrument (Mukadam et al. 2011) mounted on the 3.5 m
telescope at Apache Point Observatory (APO), using a 1mm BG40 filter and 10−15
s exposures. In January and March 2012, we obtained 6.8 hr of data with 20 s expo-
sures using GMOS (Hook et al. 2004) on the 8.1 m Gemini North telescope as part
of the queue programs GN-2011B-Q-95 and GN-2012A-Q-29. Most of the Gemini
data were taken using a Sloan-g filter, but we obtained nearly 2 hr of data using a
Sloan-r filter to constrain the luminosity of the secondary WD (see Section 3.2.3).
Additionally, we obtained 1.5 hr of data using 10 s exposures in March 2012 and
1.0 hr of data using 5 s exposures in 2012 April using the OSIRIS instrument (Cepa
et al. 2000, 2003) through a Sloan-g filter and in fast photometry mode, mounted
on the Gran Telescopio Canarias (GTC) 10.4 m telescope. Our high-quality light
curves from Gemini and GTC are shown in Figure 3.1.
We bias- and flat-field correct the raw science frames using standard IRAF
routines. For Argos and Agile, we perform weighted, circular, fixed-aperture pho-
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Figure 3.1 Time-series photometry of J0651+2844 through a g-band filter from the
8.1 m Gemini North telescope and the GTC 10.4 m telescope, folded at the orbital
period and duplicated for clarity. Directly below is the same data binned into 100
phase bins, with error bars, and over-plotted with our best-fit model.
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tometry on the calibrated frames using the external IRAF package ccd hsp (see Ap-
pendix A). We divide the sky-subtracted light curves using five brighter compari-
son stars in the field to remove transparency variations. To remove any long-term
trends caused by differential atmospheric extinction, we fit a low-order polyno-
mial to observing runs exceeding 2 hr using the WQED software suite (Thompson
& Mullally 2009), which we also use to apply a timing correction to each obser-
vation to account for the motion of the Earth around the barycenter of the solar
system (Stumpff 1980). We use the formalism described in Everett & Howell (2001)
to derive average point-by-point photometric errors of 1.0 mmag for GMOS and
OSIRIS, and 2.8 mmag for Argos observations. We calibrate these errors using the
g = 19.1 mag, photometrically constant star SDSS J065132.86+284408.4, within 20′′
of our target.
For the GMOS and OSIRIS data, we use DAOPHOT (Stetson 1987) to per-
form aperture photometry on our target and a dozen photometrically constant
SDSS point sources in our images for calibration. We use a script by Eastman et al.
(2010) to apply a barycentric timing correction and check it against the timings
based on WQED.
3.2.2 Spectroscopic Observations
To obtain higher signal-to-noise-ratio spectroscopy and better phase cov-
erage, we obtained additional time-series spectroscopy of J0651+2844 at the 6.5m
MMT telescope in 2011 October and 2012 April. All 79 spectra were taken using
the Blue Channel Spectrograph (Schmidt et al. 1989) with a 800 l mm−1 grating and
a 1′′ slit. This set-up provides 2.1 A˚ resolution and a spectral coverage from 3550—
5450 A˚. The lower resolution compared to the discovery observations presented by
Brown et al. (2011c) enabled us to decrease the exposure time to 90 s, providing
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Figure 3.2 Spectroscopic observations of J0651+2844. The top left panel shows the
summed spectra from our 2011 October and 2012 April observations, with model
fits to the Hβ to H11 lines, which we use to derive the primary parameters in Sec-
tion 3.2.3. The top right panel shows fits to the lower S/N, summed spectra from
2011 March from Brown et al. (2011c). The middle panel shows our new radial
velocity observations of J0651+2844 from three new epochs, and the bottom panel
shows those data phased to the orbital period.
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a radial velocity curve with better phase coverage (see Figure 3.2). The reduced
spectra have an average radial velocity error of ±31 km s−1.
3.2.3 Updated System Parameters
We compute the orbital elements using the code of Kenyon &Garcia (1986),
which weights each velocity measurements by its associated error. However, the
observed velocity amplitude is an underestimate because our 90 s exposures span
12% of the orbital phase, and because the radial velocity curve is not linear. By
integrating a sine curve at the phase covered by our exposures, we determine that
the velocity amplitude correction is 2.3%. The resultant best-fit, corrected velocity
semi-amplitude is K = 616.9 ± 3.5 km s−1. This is significantly lower than our
original value, 657.3 ± 2.4 km s−1, computed in the same way.
Given that the original radial velocity semi-amplitude dependedon a dozen
measurements at quadrature with 30 km s−1 errors, the formal error was an under-
estimate. A Monte Carlo calculation indicates that the true uncertainty in K using
our original 27 spectra was actually 14 km s−1. The same calculation with the new
data yields an uncertainty inK of 5 km s−1. This implies that the companion is less
massive than originally predicted by Brown et al. (2011c).
We refine the physical parameters of the primary2 WD using the summed
spectrum, which has S/N=78 per resolution element. Fitting our new spectra with
the stellar atmosphere models of ?, which include improved Stark broadening pro-
files with non-ideal gas effects, formally yields Teff = 16530 ± 105 K and log g
= 6.76 ± 0.02. This result is nearly identical to our original measurements (Teff
= 16400 ± 300 K and log g = 6.79 ± 0.04, Brown et al. 2011c). A direct comparison
2Following (Brown et al. 2011c) we refer to the low-mass WD as the primary since it contributes
>95% of optical light.
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of the difference in the models can be found in the upper right panel of Figure 3.2:
Fits of the discovery data to the new models of ? formally yield Teff = 16750 ± 200
K and log g = 6.77 ± 0.04.
Additionally, we investigate the effect of velocity smearing on the derived
atmospheric parameters by analyzing the spectra obtained at quadrature (|v| > 500
km s−1, when velocity smearing should be at its minimum). For these spectra at
quadrature, we find that Teff is 500 K lower and log g is 0.07 dex higher. These
differences reflect our systematic error, and also indicate how the parameters of the
tidally distorted primary depend on phase, but the parameters remain consistent
with the higher S/N summed and phased spectrum. Thus we adopt a mean Teff
= 16530 ± 200 K and log g = 6.76 ± 0.04, implying a 0.25M primary (Panei et al.
2007).
We use our high-quality g-band Gemini and GTC photometry to refine the
system parameters using the light curve fitting code JKTEBOP (Southworth et al.
2004). We supply the limb-darkening coefficients from WD atmosphere models
appropriate for the J0651 system using I(µ)/I(1) = 1 − c1(1 − µ) − c2(1 − √µ),
where µ = cos θ (P. Bergeron 2012, private communication). These coefficients are
included in Table 3.1; their uncertainties are negligible given our observed Teff and
log g uncertainties. Additionally, we have adopted gravity-darkening coefficients
of β1 = β2 = 0.36 for both the primary and secondary, where F ∝ T 4eff ∝ gβ . We
expect convection to be present in both stars, and our light curve fits do poorly for
β = 1.0, as expected for a purely radiative atmosphere, so adopting β = 0.36 is
reasonable.
We fix the limb- and gravity-darkening coefficients and fit for the inclina-
tion and component radii, and our error estimates result from 10,000 Monte Carlo
simulations, as described in Southworth et al. (2005). Gravitational lensing should
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minimally affect the derived radius of the primary and secondary, by roughly 0.1%
and 0.7%, respectively (Marsh 2001), and have not been included in the fits. The
primary radius is a volume-average; the tidal distortions make the star 3.3% oblate.
The photometry allows us to test the ELM WD models by providing an
independent estimate on the mass of the primary. To do so, we hold fixed a se-
ries of different mass ratios in our light curve fits, and in each case use the resul-
tant secondary radius in combination with the testedmass-radius relation of Wood
(1995) in order to back out the mass of the primary. Consistently, this method finds
M1 = 0.26 ± 0.04M, which we adopt.
Taking M1 = 0.26 ± 0.04 M and K = 616.9 ± 5.0 km s−1, the secondary
mass is thus M2 = 0.50 ± 0.04 M for the best-fit inclination of 84.4 ± 2.3 deg.
Table 3.1 shows our final light curve results found by fixing q = 1.92. The resulting
radius of the secondary, R2 = 0.0142 ± 0.0010 R, implies M2 = 0.50 ± 0.04 M
(Wood 1995), in good agreement. Pairing the volume-averaged primary radius
R1 = 0.0371± 0.0012 R with the observed surface gravity yieldsM1 = 0.29± 0.05
M, somewhat larger but consistent with our adopted value, as well as with the
result using the Panei et al. (2007) models.
Finally, we use our Gemini r-band data to constrain the luminosity and
temperature of the secondary. Fixing the limb- and gravity-darkening coefficients,
and adopting the inclination and component radii from the g-band fits, we find the
secondary contributes 3.7 ± 0.2% of light in the g-band and 4.6 ± 0.6% of light in
the r-band. This difference, especially in the depth of the primary and secondary
eclipses, can be seen in Figure 3.3.
Adopting Mg = 8.9 ± 0.1 mag and Mr = 9.2 ± 0.1 mag for the 0.26 M
primary (Panei et al. 2007), the secondary thus has Mg = Mr = 12.5 ± 0.2 mag.
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Table 3.1. System parameters.
Parameter Value
[method used to derive parameter]
Orbital Period [phot.] 765.206543(55) s
K1 (corrected for smearing) [spec.] 616.9± 5.0 km s−1
γvel [spec.] −7.7± 4.5 km s−1
Primary Teff [spec.] 16530± 200 K
Primary log g [spec.] 6.76± 0.04
Primary Mass (M1) [spec.] 0.26± 0.04M
Primary Radius (R1) [phot.] 0.0371± 0.0012R
Inclination (i) [phot.] 84.4± 2.3 degrees
Mass Ratio (q) [spec.] 1.92± 0.46
Secondary Mass (M2) [spec.] 0.50± 0.04M
Secondary Teff [phot.] 8700± 500 K
Secondary Radius (R2) [phot.] 0.0142± 0.0010R
Limb Darkening, Primary, g-band c1 = −0.106, c2 = 0.730
Limb Darkening, Secondary, g-band c1 = −0.128, c2 = 0.898
Limb Darkening, Primary, r-band c1 = −0.076, c2 = 0.562
Limb Darkening, Secondary, r-band c1 = −0.099, c2 = 0.735
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Figure 3.3 We display time-series photometry of J0651+2844 through a g-band filter
from the 8.1mGemini North telescope in green points, and through an r-band filter
on the same telescope with red points. These light curves are folded at the orbital
period and duplicated for clarity. We over-plot our best-fit model for the g-band
data with a solid green line, and the r-band data with a solid black line.
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For a 0.5 M WD, cooling models
3 suggest a temperature of 8700 ± 500 K for the
secondary, which corresponds to a cooling age of roughly 700 Myr (Holberg &
Bergeron 2006, Kowalski & Saumon 2006, Tremblay et al. 2011, Bergeron et al. 2011).
3.2.4 Detection of Orbital Period Decay
We demonstrate a secular change in the orbital period of J0651+2844 by
constructing an (O − C) diagram, where we compare the observed mid-eclipse
times (O) to expected mid-eclipse times computed from the assumption of a fixed
orbital period (C) for future epochs (E = t/P ). To estimate the mid-eclipse times,
we fix the best-fit model parameters from our analysis in Section 3.2.3 and fit each
subset of observations only for the mid-eclipse time nearest the mean time of the
observations.
Following Kepler et al. (1991), if the orbital period is changing slowly with
time, we can expand the observedmid-time of the Eth eclipse, tE , in a Taylor series
around E0 to arrive at the classic (O − C) equation
O − C = ∆T0 + ∆P0E + 1
2
P0P˙E
2 + ...
where T0 is the mid-time of the first eclipse, ∆T0 is the uncertainty in this mid-
point, P0 is the orbital period at the first eclipse and ∆P0 is the uncertainty in this
period. Any secular change in the period, dP/dt, will cause a parabolic curvature in
an (O−C) diagram. Currently, the acceleration in the period change, d(dP/dt)/dt,
is negligible, and we will limit our discussion to a second-order polynomial fit.
To construct an (O − C) diagram, we must first determine T0 and P0. A
preliminary estimate comes from a simple Fourier transform of our whole data
3http://www.astro.umontreal.ca/ bergeron/CoolingModels
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Figure 3.4 (O−C) diagrams of the orbital evolution in J0651+2844 from 2011 April
to 2012May; blue dots represent data fromMcDonald Observatory andAPO, green
squares from Gemini-North, andmaroon triangles from GTC. The top panel shows
the change in mid-eclipse times as determined by light curve modeling, and the
best-fit parabola yields an estimate for the observed rate of orbital period change.
Complimentarily, the bottom panel shows the results from a model-independent,
linear least-squares fit using the orbital period and higher harmonics. The dotted
line at (O − C) = 0 shows the line of zero orbital decay, while the grey dashed
line shows the predicted orbital decay expected solely from gravitational wave ra-
diation. Using both methods, our early results match the GR prediction to the 1-σ
level.
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set, which we use to create an initial (O − C) diagram. We then iteratively adjust
T0 and P0 by the zeroth- and first-order terms from our best-fit parabola until the
adjustments are smaller than the error in these terms; these errors result from the
covariance matrix. Our recomputed, final (O−C) diagram uses this new ephemeris
and period and is shown in Figure 3.4. We find:
T0 = 2455652.5980910 ± 0.0000084 BJDTDB
P0 = 765.206543 ± 0.000055 s
Table 3.2 presents the mid-eclipse times from each subset of our obser-
vations. Each night of observing from Gemini and GTC have been given their
own subset, as have each month of data from McDonald. Since ∆T0 and ∆P0 are
nonzero, the zeroth- and first-order terms of the parabola indicating the predicted
dP/dt in Figure 3.4 have been allowed to vary within the current constraints on
these terms.
A weighted, second-order, least-squares fit to the mid-eclipse times yields
a rate of period change of (−9.8± 2.8)× 10−12 s s−1 (or−0.31± 0.09 ms yr−1). This
value includes our May 2012 data point, which has just 3.4 hr of data spread over
four nights at a minimum airmass of 2.0. If we do not include this last point, the
inferred rate of period change differs slightly, yielding (−10.6 ± 2.9) × 10−12 s s−1
(or −0.33 ± 0.09 ms yr−1). A parabola is needed to best represent the data: The
best second-order fit has χ2 = 33.0 (12 d.o.f.), whereas the best first-order fit has
χ2 = 44.9 (13 d.o.f.).
As a sanity check, we also construct an (O − C) diagram using a model-
independent approach. Here we perform a simultaneous least-squares fit to each
subset of data using a series of sine curves at the orbital period (P0) up to the last
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Figure 3.5 A comparison of themodel-dependent light curve fits (top panel, in blue)
and the model-independent Fourier method (bottom panel, in red) in reproducing
the 2012 January folded data set. The results are comparable, but the Fourier series
does a poor job of representing the eclipse profiles, and thus retains larger uncer-
tainties.
harmonic before the Nyquist frequency of that subset. This effectively uses the
high-amplitude ellipsoidal variations at half the orbital period as our clock, with a
Fourier series of the orbital harmonics to reproduce the eclipses. A best-fit parabola
to the observed minima of the ellipsoidal variations is shown in the bottom panel
of Figure 3.4 and yields dP/dt = (−5.1 ± 1.8) × 10−12 s s−1. In order to compare
this to the mid-eclipse times at the orbital period, we must multiply this result by
a factor of two, which yields dP/dt = (−10.2 ± 3.5) × 10−12 s s−1 (or −0.32 ± 0.11
ms yr−1).
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We can visualize how these two methods compare in fitting the observa-
tions in Figure 3.5 by displaying our best data set, the folded light curve from
2012 January. The top panel shows in blue the result from the model-dependent
light curve fitting by JKTEBOP, and the associated uncertainties on the derived
mid-eclipse time. Complimentary, the bottom panel shows in red the fit derived
from the model-independent Fourier series (a Fourier transform of this same data
set is shown in Figure 2.1 in Chapter 2).
The model-independent (O − C) method retains larger uncertainties be-
cause the harmonics are inevitably truncated by the Nyquist frequency in the ob-
servations and so are only roughly capable of replicating the deep primary eclipses.
Our results from this method are not orthogonal to the model-dependent light
curve fitting, as both fit the eclipses and ellipsoidal variations. Therefore, both re-
sults cannot be averaged, and we emphasize the results from themodel-dependent
approach.
Thus, our best estimate for the rate of orbital period change in J0651 after
13 months is (−9.8 ± 2.8) × 10−12 s s−1 (or −0.31 ± 0.09 ms yr−1), a 3-σ detection.
This yields a timescale for period change, P/P˙ = 2.5± 0.8Myr.
3.3 Refining the Measurement of Orbital Decay
3.3.1 Photometric Observations
Subsequent to our 2011 April to 2012 May observations of J0651+2844 pub-
lished in Hermes et al. (2012b), we have continued to photometrically monitor the
eclipses of this exceptional 12.75-min WD+WD binary. A detailed journal of these
new observations is found in Table 3.3.
Our observations fromMcDonald Observatory were obtained and reduced
in an identical manner to those described in Section 3.3. However we have added
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new observations from the commissioning of a rapid deployment science camera
(an Apogee photometerwith an e2v 2048x2048 CCD)mounted at the f/5 wavefront
sensor of the 6.5m MMT. These observations in 2012 November were flat-fielded
and dark-subtracted using standard IRAF routines, and aperture photometry was
performed using the external IRAF package ccd hsp. We use a script by Eastman
et al. (2010) to apply a barycentric timing correction.
3.3.2 Refining Our Measurement of Orbital Period Decay
As in Section 3.2.4, we demonstrate a secular change in the orbital period
by constructing an (O − C) diagram of the mid-eclipse times of each subset of our
new observations. We have used the system parameters derived in Section 3.2.3 in
our light-curve fitting routines, which derive the mid-eclipse times.
We display these updated (O−C) diagrams, using both themodel-dependent
light curve fits from JKTEBOP and the model-independent Fourier method, in Fig-
ure 3.6. Our observations continue to match the prediction of orbital decay due
solely to the emission of gravitational radiation from two point masses, within the
uncertainties. After the first two full years of observationswe adopt a rate of period
change of (−8.9± 1.0) × 10−12 s s−1 (or −0.28 ± 0.03ms yr−1), a highly significant
detection of orbital decay.
We can also use only our McDonald Observatory observations to obtain a
similarly significant measure of the rate of orbital decay, with the added benefit
that these Argos observations were all obtained in an identical manner and with
high time precision. This measurement yields dP/dt = (−9.2 ± 1.0) × 10−12 s s−1
(or −0.29± 0.03ms yr−1), which is in good agreement with our adopted value.
Finally, we have included an intuitive visualization of our detection of or-
bital decay in J0651+2844, shown in Figure 3.7. Here we can see, by eye, the de-
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Figure 3.6 Updated (O − C) diagrams of the orbital evolution in J0651+2844 from
2011 April to 2013 April. Dark blue dots represent data from McDonald Observa-
tory and APO, green squares from Gemini-North, maroon triangles from GTC, and
magenta dots from the MMT. The top panel shows the change in mid-eclipse times
as determined by light curve modeling, and the best-fit parabola yields an estimate
for the observed rate of orbital period change. Complimentarily, the bottom panel
shows the results from a model-independent, linear least-squares fit using the or-
bital period and higher harmonics. The dotted line at (O − C) = 0 shows the line
of zero orbital decay, while the grey dashed line shows the predicted orbital decay
expected solely from gravitational wave radiation.
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Figure 3.7 Another way to visualize the (O − C) diagram for the orbital evolution
in J0651+2844, from 2011 April to 2013 April. The left panel shows five different
monthly subsets of observations binned into 100 phase bins, with error bars, and
overplotted with our best-fit model. The decreasing orbital period is evident as
the primary eclipses, centered around the Orbital Phase = 0 s in 2011 April, shift
sooner and sooner, to the left. The right panel shows the same information as a
classical (O − C) diagram, and color codes each subset.
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creasing orbital period by watching the mid-point of the primary eclipses for dif-
ferent subsets shift to sooner and sooner times. The mid-point of each eclipse is
marked with a solid line. Comparison of this mid-point to the mid-point of the
first subset in 2011 April, shown as a dotted red line, corresponds to the (O − C)
points shown in the right panel of this figure.
3.4 Discussion and Conclusions
Based on the refined parameters for the J0651+2844 system (see Section 3.2.3)
and treating eachWD as a point mass in a non-relativistic circular orbit, general rel-
ativity predicts an orbital period decay in this system of (−8.2 ± 1.7) × 10−12 s s−1
(or −0.26 ± 0.05 ms yr−1) (Landau & Lifshitz 1975). Recently, van den Broek et al.
(2012) demonstrated that the point mass approximation is valid to better than 1% in
cases such as J0651+2844, so our uncertainty in the orbital decay from gravitational
wave radiation is dominated by the uncertainty in the component masses. Addi-
tional effects that could modulate the mid-eclipse times are unlikely to explain the
observed shift: For example, given the estimated distance of 1.0 kpc (Brown et al.
2011c), we expect the propermotion to change the period by nomore than 5×10−16
s s−1 (Shklovskii 1970).
It is evident from the high-amplitude ellipsoidal variations of the primary
that strong tidal forces are also present. These tides will act as a torque to spin-up
the WDs if the system is synchronized, further robbing the orbit of angular mo-
mentum and increasing the rate of orbital period decay. The degree to which this
tidal torquing influences the orbital evolution depends on the effective tidal lock-
ing, which is in many ways determined by the physical structure of the ELMWD.
This effect could increase the rate of period decay by at least 5% if the system is
synchronized (Piro 2011, Benacquista 2011, Fuller & Lai 2012). After two years of
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monitoring, our sensitivity in the observed rate of orbital decay is not yet sufficient
to detect a significant deviation from pure gravitational wave losses. However, fu-
ture observations should constrain this discrepancy, providing an excellent probe
of the interior of ELMWDs, in addition to the possibilities opened through astero-
seismology (Steinfadt et al. 2010a, Hermes et al. 2012c).
The short period of J0651+2844 makes it one of the loudest known sources
of gravitational wave radiation, and continued monitoring of orbital decay in the
system will provide strong constraints on the gravitational wave strain of J0651.
This is important for future gravitational wave missions, like the evolved Laser
Interferometry Space Antenna (eLISA). Critical to that success is disentangling the
contributions of tidal torques on the orbital decay, an effort worthy of further pho-
tometric observations and modeling.
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Table 3.2. Journal of J0651+2844 mid-eclipse times.
Facility Epoch No. Eclipses Mid-Eclipse Time
(E) (BJDTDB − 2450000)
McD 373 59 5655.9015834(85)
McD 20735 41 5836.2388027(83)
McD 23327 52 5859.1949862(81)
McD 27251 146 5893.9480974(57)
APO,McD 30981 110 5926.9830544(67)
Gem-N 31207 5 5928.984604(17)
McD 34164 284 5955.1734648(37)
McD 36291 80 5974.0113666(59)
GTC 39171 7 5999.518210(12)
McD 39383 53 6001.3958287(75)
Gem-N 39426 6 6001.776615(20)
Gem-N 39542 10 6002.803960(16)
McD 43317 89 6036.2375095(72)
GTC 43446 5 6037.3800027(72)
McD 46578 16 6065.118766(26)
Note. —While the instruments used to take data atMcD, APO
and GTC are conditioned with a GPS receiver and thus have ab-
solute time stamps accurate to a few ms, the mid-exposure times
for our GMOS-N data all end in .2 or .7 s, suggesting a rounding
error of up to 0.25 s; the uncertainties in our Gemini mid-eclipse
times have thus been enlarged by 0.25 s. Wemay remove any po-
tential systematic time offsets by computing the period change
using only the points from McDonald Observatory, which yields
(−9.2± 1.0)× 10−12 s s−1.
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Table 3.3. Journal of J0651+2844 photometric observations.
Subgroup Run UT Date Length Seeing Exp.
(hr) (′′) (s)
2011 04 McD A2364 2011 Apr 01 2.2 1.7 15
A2365 2011 Apr 02 3.0 1.7 15
A2366 2011 Apr 03 2.8 1.4 10
A2376 2011 Apr 08 2.2 1.1 15
A2383 2011 Apr 13 2.5 1.8 30
2011 09 McD A2464 2011 Sep 29 1.8 1.5 15
A2469 2011 Oct 01 2.3 1.5 15
A2472 2011 Oct 02 2.2 1.1 15
A2476 2011 Oct 03 2.5 1.3 20
2011 10 McD A2484 2011 Oct 23 3.2 1.3 15
A2489 2011 Oct 24 3.9 1.3 15
A2496 2011 Oct 26 4.0 1.3 20
2011 11 McD A2505 2011 Nov 23 5.3 1.4 15
A2518 2011 Nov 26 3.2 2.9 15
A2523 2011 Nov 28 6.6 2.0 15
A2526 2011 Nov 29 3.7 2.1 15
A2530 2011 Nov 30 6.5 2.3 15
A2533 2011 Dec 01 6.1 2.4 15
2011 12 APO/McD Agile89 2011 Dec 25 2.6 · · · 15
A2553 2011 Dec 26 1.3 2.0 30
A2555 2011 Dec 30 8.9 1.9 15
A2558 2012 Jan 01 3.8 2.0 10
A2565 2012 Jan 03 6.7 1.6 10
2012 01 Gem-N GMOSg-1 2012 Jan 02 1.1 · · · 20
GMOSr-1 2012 Jan 02 1.1 · · · 20
2012 01 McD A2567 2012 Jan 21 5.9 1.9 15
A2569 2012 Jan 22 1.9 2.2 10
A2573 2012 Jan 23 6.6 2.0 15
A2576 2012 Jan 24 5.8 1.3 10
A2579 2012 Jan 26 4.5 2.5 15
A2582 2012 Jan 28 3.5 1.7 10
A2585 2012 Jan 29 5.9 2.0 10
A2587 2012 Jan 30 8.0 1.6 10
A2589 2012 Jan 31 8.2 1.5 5
A2592 2012 Feb 01 4.5 1.4 10
A2596 2012 Feb 02 5.6 1.7 10
2012 02 McD A2601 2012 Feb 14 6.0 1.5 10
A2606 2012 Feb 16 5.3 1.5 10
A2609 2012 Feb 19 5.8 1.2 10
2012 03 GTC GTC-1 2012 Mar 12 1.5 · · · 10
2012 03 McD A2615 2012 Mar 12 3.5 2.1 15
A2623 2012 Mar 15 3.3 1.4 15
A2628 2012 Mar 16 2.2 1.6 15
A2637 2012 Mar 17 2.4 1.8 10
2012 03 Gem-N GMOSg-2 2012 Mar 15 1.4 · · · 20
GMOSr-2 2012 Mar 15 1.0 · · · 20
GMOSg-3 2012 Mar 16 2.3 · · · 20
90
Table 3.3—Continued
Subgroup Run UT Date Length Seeing Exp.
(hr) (′′) (s)
2012 04 McD A2640 2012 Apr 14 1.8 1.9 10
A2644 2012 Apr 15 1.1 2.0 15
A2645 2012 Apr 16 2.6 1.4 10
A2648 2012 Apr 17 2.7 1.8 10
A2651 2012 Apr 18 2.1 2.2 15
A2655 2012 Apr 19 2.1 1.9 10
A2661 2012 Apr 21 2.4 1.6 10
A2668 2012 Apr 23 2.0 1.7 15
A2674 2012 Apr 24 2.3 1.7 15
2012 04 GTC GTC-2 2012 Apr 19 1.0 · · · 5
2012 05 McD J0651-1 2012 May 16 0.9 2.1 10
J0651-2 2012 May 17 0.9 2.2 10
J0651-3 2012 May 18 0.6 2.4 10
J0651-4 2012 May 19 1.0 2.1 10
2012 09 McD A2709 2012 Sep 16 1.2 1.5 15
A2712 2012 Sep 17 1.7 2.1 30
A2715 2012 Sep 18 1.8 2.3 30
A2718 2012 Sep 19 1.9 1.6 15
A2720 2012 Sep 20 2.2 1.3 15
A2722 2012 Sep 21 0.0 1.8 15
2012 10 McD A2729 2012 Oct 18 3.2 2.1 15
A2732 2012 Oct 19 3.1 1.4 10
A2734 2012 Oct 20 2.6 1.4 15
A2736 2012 Oct 21 2.5 1.2 10
2012 10 MMT MMT-1 2012 Nov 02 2.3 · · · 11
MMT-2 2012 Nov 03 1.9 · · · 11
2012 11 McD A2740 2012 Nov 10 3.6 2.2 15
A2748 2012 Nov 14 1.8 1.3 10
A2761 2012 Nov 20 5.0 1.2 15
2012 12 McD A2767 2012 Dec 12 6.1 2.1 15
A2769 2012 Dec 13 7.8 1.7 15
A2779 2012 Dec 19 4.6 2.5 30
2013 01 McD A2789 2013 Jan 16 5.3 2.4 15
A2792 2013 Jan 17 4.0 1.7 15
A2795 2013 Jan 18 7.3 1.4 10
2013 03 McD A2804 2013 Mar 11 4.9 2.3 30
A2806 2013 Mar 12 4.1 2.1 15
A2810 2013 Mar 13 3.9 2.2 15
A2813 2013 Mar 14 4.2 1.6 10
A2817 2013 Mar 15 3.4 1.6 15
2013 04 McD A2839 2013 Apr 05 3.5 1.4 10
A2841 2013 Apr 06 2.7 1.8 15
A2844 2013 Apr 07 3.1 1.4 10
A2847 2013 Apr 08 2.6 1.3 10
A2850 2013 Apr 09 3.1 1.6 15
A2853 2013 Apr 12 2.7 1.1 10
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Chapter 4
Discovery of Pulsations in Extremely Low-Mass WDs
We report the discovery of the first five pulsating extremely lowmass (ELM)
white dwarfs. Spectral fits indicate these are both the coolest and lowest-mass pul-
satingWDs ever found; all have effective temperatures below 10,000 K and masses
< 0.25M, establishing these putatively helium-core WDs as a cooler class of pul-
sating hydrogen-atmosphere WDs (DAVs). These stars exhibit long-period vari-
ability consistent with non-radial g-mode pulsations; these are not tidally induced
pulsations and are so far best explained by the same hydrogen partial-ionization
driving mechanism at work in classic C/O-core DAVs. The two lowest-mass ELM
WDs also evidence lower-amplitude, short-period variability that may be evidence
for hybrid acoustic (p-mode) pulsations, which provide an exciting opportunity to
probe this WD in a complimentary way. Consistent with the expectation that ELM
WDs must be formed in binaries, three of these pulsating ELMWDs have detected
nearby companions.1
1Significant portions of this chapter have been previously published as: J. J. Hermes, M. H. Montgomery,
D. E. Winget, Warren R. Brown, Mukremin Kilic and Scott J. Kenyon, The Astrophysical Journal,
750, L28 (2012) & J. J. Hermes, M. H. Montgomery, D. E. Winget, Warren R. Brown, A. Gianninas,
Mukremin Kilic, Scott J. Kenyon, Keaton J. Bell, and Samuel T. Harrold, The Astrophysical Journal, 765,
102 (2013) & J. J. Hermes, M. H. Montgomery, A. Gianninas, S. T. Harrold, D. E. Winget, Warren R.
Brown, Keaton J. Bell, Scott J. Kenyon, and Mukremin Kilic,Monthly Notices of the Royal Astronomical
Society, submitted (2013)
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4.1 Introduction
Asteroseismology allows us to probe below the photosphere and into the
interiors of stars. There are many pulsation instability strips on the Hertzsprung-
Russell diagram, including the DAV (or ZZ Ceti) instability strip, driven by a
hydrogen partial ionization zone in the cool, hydrogen atmosphere (DA) white
dwarfs (WDs). Seismology using the non-radial gravity-mode (g-mode) pulsations
of DAVs has enabled us to constrain the mass, core and envelope composition, ro-
tation rate, and the behavior of convection in these objects (see reviews by Winget
& Kepler 2008, Fontaine & Brassard 2008 and Althaus et al. 2010).
The mass distribution of DA WDs in the SDSS shows a strong peak at 0.6
Mwith tails toward higher and lowermasses (Tremblay et al. 2011, Kleinman et al.
2013); masses of individual WDs range from about 0.2M to 1.3M. The roughly
150 DAVs known to date have masses 0.5−1.1M, implying they all likely contain
C/O-cores. Lower mass WDs are likely to pulsate as well (Steinfadt et al. 2010a).
The galaxy is not old enough to produce lowmass (< 0.5M)WDs through
single-star evolution; these WDs are believed to be the product of binary evolu-
tion. Indeed, radial velocity surveys of low-mass WDs indicate that most form in
binary systems (Marsh et al. 1995, Brown et al. 2011a). Mass loss during at least one
common-envelope phase has precluded the ELM WD from igniting helium in its
core, and the result is an underweight WD with a core devoid of C/O. These WDs
have been known for some time as companions to pulsars, but recently their num-
bers have grown dramatically as a result of the ELM Survey, a targeted spectro-
scopic search for ELMWDs (Brown et al. 2010, Kilic et al. 2011a, Brown et al. 2012,
Kilic et al. 2012, Brown et al. 2013). However, there is little direct evidence that
low-mass WDs have He-cores. But if they pulsate, as do their C/O-core brethren,
we may differentiate their interior structure.
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We have been engaged in an ongoing search for low-mass DAVs for many
years at McDonald Observatory. The benefits of a search for a low-mass (and puta-
tively He-core) DAV were recently emphasized by Steinfadt et al. (2010a). Should
they pulsate in g-modes like the C/O-core DAVs, the eigenfunctions of ELMWDs
would globally sample the interior, making the pulsations sensitive to core compo-
sition. Seismology may also allow us to constrain the hydrogen layer mass; this is
vitally important since hydrogen burning is expected to be a major or even domi-
nant component of the luminosity of these stars (e.g., Panei et al. 2007).
Steinfadt et al. (2012) outlined the null results of a search for pulsations in
12 low-mass WDs. We have extended a similar, systematic search for variable He-
core WDs, armed with the many dozens of new extremely low-mass (ELM, ∼ 0.2
M) WDs catalogued by the ELM Survey. That search has yielded the first five
pulsating ELM WDs, which were announced in three separate discovery papers
(Hermes et al. 2012c, 2013d,b). The discovery of pulsating ELMWDs provides the
first chance to apply the tools of asteroseismology to these low-mass, putatively
He-core WDs (Co´rsico et al. 2012b, Van Grootel et al. 2013). These objects belong to
an extension of the instability strip from the C/O-core DAVs, and are most likely
driven by the same mechanism acting in the classical ZZ Ceti stars.
Here we chronologically outline the discovery of each new pulsating ELM
WD, and populate the empirical instability strip with ELM WDs that vary and
more than a dozen that do not vary to a limit of at least 1% relative amplitude.
4.2 SDSS J184037.78+642312.3 (J1840)
4.2.1 Observations
Brown et al. (2012) present the spectroscopic discovery data for J1840 from
the Blue Channel spectrograph on the 6.5m MMT. They use 37 separate spectra
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over more than a year to determine the system parameters. Brown et al. (2012) find
that J1840 is in a 4.5912 ± 0.0012 hr (16528.32 ± 4.32 s) orbital period binary with a
K = 272 ± 2 km s−1 radial velocity semi-amplitude. However, a significant alias
exists at 3.85 hr.
Model fits to the co-added spectra for J1840 yield Teff = 9390 ± 140 K and
log g = 6.49 ± 0.06, which correspond to a mass of roughly 0.17 M. Given the
mass function of the system, f = 0.399 ± 0.009 M, the minimum mass of the
unseen companion is 0.64 M; if the orbital inclination is random, there is a 70%
probability that the companion is a WDwith< 1.4M. We note, however, that the
nature of the unseen companion has no bearing on the impact of the discovery of
pulsations in this WD, although it may contaminate the spectra.
We obtained high-speed photometric observations of J1840 at the McDon-
ald Observatory over three consecutive nights in 2011 October, for a total of more
than 5.5 hr of coverage. Using the Argos instrument (see Appendix A), we ob-
tained 15 s exposures on this g = 18.8 mag WD. The seeing averaged 1.5′′ and
transparency variations were low, although our second and third nights were cut
short by clouds. Figure 4.1 shows all 1365 Argos light curve points obtained for
J1840 from 25 Oct 2011 to 27 Oct 2011. We also include the light curve of the bright-
est comparison star in the field, SDSS J184043.21+642351.8, for reference.
4.2.2 Analysis
Our original photometric data set analyzed in Hermes et al. (2012c) is rela-
tively short, as we caught J1840 just before it went behind the Sun. This limited the
significance of the detected periods. Still, we had sufficient data to show convinc-
ingly that this low-mass WD is a multi-periodic variable star.
The high-amplitude variability is easy to distinguish in the raw light curve
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Figure 4.1 The discovery light curves of J1840 (in black) over three consecutive
nights in 2011 October, representing the first pulsating ELMWD found. The gap in
the third night was caused by a passing cloud. The bottom red light curve, offset
by −15%, shows the brightest comparison star in the field over the same period.
Average 2σ errors are shown offset with error bars.
(Figure 4.1), with more than 25% peak-to-peak variability. The highest peak in a
Fourier transform (FT) of the brightest companion star in the field yields only a
small signal (0.24% amplitude) at 7340 ± 15 s, consistent with low-frequency noise
from atmospheric variability. Our apertures and sky annuli have been chosen to en-
sure there is no significant contamination from the nearby star SDSS J184038.73+642315.6,
which is 7.0′′ away from our target. Thus the signal we are observing is intrinsic to
the WD. Without evidence for a companion star or accretion from the spectra, the
light curves, or existing broadband photometry, we are confident that the photo-
metric variability are pulsations on the surface of the ELMWD.
The pulse shape appears non-sinusoidal, with a steep rise and decline. We
first test whether a single mode (f1) and its harmonics (2f1 + 3f1 + ...) could re-
produce the observed light curve. A nonlinear least squares fit with the highest
peak in the FT and its fixed harmonics converges on 225.03 µHz (4444 s) as the best
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Figure 4.2 The top panel shows high-speed photometry of J1840 from a representa-
tive run on 2012 February 1. The brightest comparison star is shown in blue, offset
by −8%. Average point-by-point photometric errors are also shown. The bottom
panel shows a Fourier transform of our entire data set to date, some 70.2 hr of
observations from 2012 January to 2012 April. We also display in red the Fourier
transform of the residuals after prewhitening by the five highest-amplitude peri-
ods listed in Table 4.2 and mark those periods with green tick marks at the top of
the panel. We mark the 4〈A〉 significance level as a dashed green line.
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parent mode. However, our data from multiple nights rule out this scenario. The
single-mode harmonic solution fits the two peaks during the first night well, but it
fails to match the peak in our second night of data, predicting a maximum in the
light curve more than 500 s too soon.
Amulti-mode solution (see Table 4.1) where the frequencies are determined
from the highest amplitudes in an FT of the entire dataset (see Figure 4.2) improves
the residuals bymore than 20%. Formore realistic estimates, the cited errors are not
formal least-squares errors to the data but rather the product of 105 Monte Carlo
simulations of perturbed data using the software package Period04 (Lenz & Breger
2005). The signal-to-noise calculation is based on the average amplitude of a 1000
µHz box after pre-whitening by the three significant, highest-amplitude frequen-
cies. This set of period solutions is by no means exhaustive, but it establishes that
this ELMWD is variable and multi-periodic.
We have completed a reanalysis of the periods detected in J1840 using nearly
33.0 hr of photometric observation from October 2011 to July 2012, as outlined in
(Co´rsico et al. 2012b). Our observing and reduction techniques are identical to
those described in Hermes et al. (2012c), but include more than 27.0 hr of addi-
tional observations. Aliasing of the data has made determining the periods espe-
cially difficult, so we have made every attempt to be as conservative as possible
in our error estimates. We include in Figure 4.2 a representative light curve and
Fourier transform of this entire data set.
The highest-amplitude mode excited in the star occurs at 4697.8 ± 4.3 s
(51 ± 5 mma); this periodicity appears in the 5.5 hr of October 2011 discovery
data, but was the second-highest alias of the 4445 s mode quoted by Hermes et al.
(2012c). Additionally, we see evidence of variability at the following periods (we
have made very conservative estimates on the uncertainties, mindful of possible
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Table 4.1. Frequency solution for SDSS J1840+6423
ID Period Frequency Amplitude S/N
(s) (µHz) (mma)
f1 4697.831 ± 0.006 212.8642 ± 0.0003 50.7 ± 0.8 13.4
f2 4697.831 ± 0.012 231.8435 ± 0.0007 27.8 ± 0.8 7.4
f3 2308.94 ± 0.37 433.099 ± 0.070 25.2 ± 1.9 7.4
f4 2403.416 ± 0.008 416.0745 ± 0.0014 21.9 ± 1.0 6.3
f5 4887.943 ± 0.018 204.5851 ± 0.0008 21.5 ± 0.7 5.7
f6 2094.246 ± 0.004 477.4989 ± 0.0010 17.1 ± 1.8 5.1
Note. — 1 mma = 0.1% relative amplitude
aliasing): 4310± 200 s (28± 3mma), 2309± 60 s (25± 3mma), 2400± 120 s (21± 3
mma), 4890 ± 270 s (21 ± 3 mma), and 2094 ± 50 s (17 ± 3 mma). These periodici-
ties may be independently excited modes, but it is possible that the shorter-period
modes are nonlinear combination frequencies of the longer modes (Brickhill 1992).
If the ELM white dwarf is synchronized (or nearly synchronized) with the orbital
period, it is possible that the modes just short and long of the 4697.8 s mode may
be rotationally split components rather than independent modes.
4.3 SDSS J111215.82+111745.0 (J1112)
4.3.1 Spectroscopic Observations
Brown et al. (2012) presented a preliminary fit of Teff = 9400 ± 490 K and
log g = 5.81 ± 0.12 based on a single spectrum of this g = 16.2 mag WD from the
FLWO 1.5 m telescope using the FAST spectrograph (Fabricant et al. 1998). We
have obtained an additional 26 spectra using the FLWO 1.5 m telescope and an ad-
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ditional 6 spectra using the Blue Channel Spectrograph (Schmidt et al. 1989) on the
6.5m MMT. The time-series spectroscopy reveals that J1112 is short-period binary,
as described below.
4.3.1.1 Atmospheric Parameters
We have phased (see Section 4.3.1.2) and co-added our new spectroscopic
observations to determine the atmospheric parameters of the primary ELM WD
visible in J1112. Our observations cover a wavelength range from 3700 − 4500 A˚.
The model atmospheres used for this analysis are described at length in Gianni-
nas et al. (2011) and employ the new Stark broadening profiles from Tremblay &
Bergeron (2009). Models where convective energy transport becomes important
are computed using the ML2/α = 0.8 prescription of the mixing-length theory (see
Tremblay et al. 2010). However, since we are dealing with ELM WDs, the model
grid needed to be extended down to lower surface gravities. Thus the model grid
used in this analysis covers the ranges in Teff from 4000 to 30,000 K in steps ranging
from 250 to 5000 K and log g from 5.0 to 8.0 in steps of 0.25 dex.
The method used for fitting the observations relies on the so-called spectro-
scopic technique, described in Gianninas et al. (2011) and references therein. The
main difference here is that we fit the Balmer lines we observe up to and includ-
ing H12, as the considerably lower surface gravity means that these higher Balmer
lines are still observed. Since the higher Balmer lines are sensitive mostly to log g
(see Figure 2 of Tremblay & Bergeron 2009), the inclusion of these extra lines further
constrains our measurement of the surface gravity.
The uncertainty for each parameter is calculated by combining the internal
error, which is the dominant source of uncertainty, obtained from the covariance
matrix of the fitting algorithm with the external error, obtained from multiple ob-
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servations of the same object, estimated for DA stars at 1.2% in Teff and 0.038 dex
in log g (see Liebert et al. 2005 for details). The effect on the uncertainties caused by
different values of S/N are included in the internal error.
Our final fit to the phased and co-added spectra of J1112 is shown in the
top panel of Figure 4.3 and yield Teff = 9590 ± 140 K and log g = 6.36 ± 0.06. This
corresponds to a mass of∼0.17M using the He-core models of Panei et al. (2007).
In addition to the Balmer series, the Ca II K line at 3933 A˚ is also observed
in the spectra of J1112. For the purposes of this analysis, we simply exclude the
wavelength range where that metal line is present so that it does not affect either
the normalization of the individual Balmer lines nor the actual fits themselves. This
Ca feature phases with the radial velocity variations of the Balmer lines, and is thus
not interstellar but rather in the photosphere of the WD. We will not discuss this
Ca feature further.
4.3.1.2 Radial Velocity Observations
The bottom two panels of Figure 4.3 show the radial velocity curve of the
32 spectra we have obtained of J1112. We compute the orbital elements of this
single-lined binary using the code of Kenyon & Garcia (1986), which weights each
velocity measurements by its associated error. Our spectroscopic observations find
that J1112 is in a 4.13952 ± 0.00024 hr orbital period binary with a K = 116.2 ± 2.8
km s−1 radial velocity semi-amplitude.
This yields a mass function of f = 0.028 ± 0.003 M, which constrains
the minimum mass of the unseen companion to M2 > 0.14 M assuming a 0.17
M primary. The nature of this companion has no direct bearing on the discovery
of pulsations in the primary ELM WD, but it may be contribute enough flux to
partially contaminate the spectral fits of the primary. It also suggests that unless
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Figure 4.3 Spectroscopic observations of J1112. The top panel shows the summed
and phased spectra, with a model fit to the Hγ–H12 lines of the Balmer series. This
model derives the primary parameters in Section 4.3.1.1. The middle panel shows
our new radial velocity observations of J1112 over six epochs, and the bottom panel
shows those data phased to the orbital period of 4.13952 hr.
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the system is inclined to less than 30 degrees (which would happen at random
less than 15% of the time), the companion is most likely another He-core WD with
a mass below 0.45 M. Similar single-lined ELM WDs with likely He-core WD
companions have been found in the ELM Survey (i.e., SDSS J1005+3550 in Kilic
et al. 2012).
We have folded our photometric observations on this orbital period and do
not see evidence of eclipses, at a limit of 0.5%. This suggests that the inclination
of the system is i < 80 degrees, although this does not significantly constrain the
nature of the unseen companion.
4.3.2 Photometric Observations
We obtained high-speed photometric observations of J1112 at the McDon-
ald Observatory over four months, from 2012 January to 2012 April, for a total of
more than 70.2 hr of coverage using the Argos instrument; a full journal of obser-
vations can be found in Table 4.8.
The top panel of Figure 4.4 shows a portion of a typical light curve for J1112,
obtained on 2012 February 1, and includes the brightest comparison star in the field
over the same period (the scatter is large because the other comparison stars in the
field used to construct this divided light curve are all fainter than g = 16.9 mag).
The bottom panel of this figure shows a Fourier transform (FT) utilizing all 38,863
light curve points collected thus far. We display the 4〈A〉 significance line at the
bottom of Figure 4.4, calculated from the average amplitude, 〈A〉, of an FT within
a 1000 µHz region in steps of 200 µHz, after pre-whitening by the five highest-
amplitude periodicities.
The pulse shape of J1112 appears quite sinusoidal, and is nearly solvedwith
five independent periodicities. Those periods have been identified in decreasing
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Figure 4.4 The top panel shows high-speed photometry of J1112 from a representa-
tive run on 2012 February 1. The brightest comparison star is shown in blue, offset
by −8%. Average point-by-point photometric errors are also shown. The bottom
panel shows a Fourier transform of our entire data set to date, some 70.2 hr of
observations from 2012 January to 2012 April. We also display in red the Fourier
transform of the residuals after prewhitening by the five highest-amplitude peri-
ods listed in Table 4.2 and mark those periods with green tick marks at the top of
the panel. We mark the 4〈A〉 significance level as a dashed green line.
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order of amplitude in Table 4.2. For more realistic estimates, the cited errors are not
formal least-squares errors to the data but rather the product of 105 Monte Carlo
simulations of perturbed data using the software package Period04 (Lenz & Breger
2005). The signal-to-noise calculation is based on the amplitude of the variability
as compared to the average amplitude of a 1000 µHz box centered around that
variability, after pre-whitening by the five highest-amplitude periodicities.
A simultaneous linear least-squares fit, fixing these five periods, shows that
this variability is quite stable in both amplitude and phase. The f1 periodicity is es-
pecially stable in phase, with an r.m.s. scatter less than 7 s between our fourmonths
of data—better than 3% of the 2258.5 s period. The phase stability of J1112 is rem-
iniscent of hot DAVs such as G117-B15A (Kepler et al. 2005), and could be moni-
tored long-term for periodic deviations in arrival times to constrain any possible
circumbinary planets (Mullally et al. 2008). There is slightly more scatter about the
amplitudes measured frommonth to month, which are more sensitive to variations
in photometric conditions. The only periodicity with a consistently decreasing am-
plitude is f2, which showed an amplitude of 0.7184% ± 0.0098% in 2012 January
decrease to 0.573% ± 0.016% in 2012 April.
None of these periods are an integer harmonic of the 4.13952 hr (14902.27±
0.86 s) orbital period. Given our cited uncertainties, f3, the closest, is more than
8-σ from 8× forb. Thus, tidally induced pulsations cannot properly explain the ob-
served multi-periodic variability. Instead, we conclude that these are global, non-
radial g-mode pulsations driven to observability by the same mechanism at work
in classical DAVs (Brickhill 1991). The timescale of this variability is considerably
longer than for the pulsations seen in C/O-core DAVs. However, it is consistent
with the expectation that the periods of pulsation modes roughly scale with the
dynamical timescale for the whole star, Π ∝ ρ−1/2, and are thus much longer for
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Table 4.2. Frequency solution for SDSS J1112+1117
ID Period Frequency Amplitude S/N
(s) (µHz) (mma)
f1 2258.528 ± 0.003 442.7662 ± 0.0007 7.49 ± 0.08 26.5
f2 2539.695 ± 0.005 393.7480 ± 0.0007 6.77 ± 0.09 23.0
f3 1884.599 ± 0.004 530.6170 ± 0.0011 4.73 ± 0.08 16.9
f4 2855.728 ± 0.010 350.1734 ± 0.0013 3.63 ± 0.09 11.5
f5 1792.905 ± 0.005 557.7542 ± 0.0017 3.31 ± 0.08 11.9
f6 134.275 ± 0.001 7447.388 ± 0.010 0.44 ± 0.08 4.4
f7 107.56 ± 0.04 9297.4 ± 3.6 0.38 ± 0.14 4.1
the low-surface-gravity ELMWDs.
4.3.3 Potential p-mode Pulsations
In addition to the relatively high-amplitude, long-period variability ob-
served in J1112, we see evidence for low-amplitude variability on much shorter
timescales. These periodicities are included at the bottom of Table 4.2 in decreas-
ing order of S/N. This S/N value is conservative: We have not pre-whitened by the
variability in question for this calculation, which effectively considers some signal
as noise in this estimate. We have identified all periodicities with S/N > 4.0, and
italicize these S/N values to indicate they were calculated in a different way.
We have also computed the probability that each of the short-period detec-
tions is real by computing the false alarm probability (FAP), using the formalism
described in Kepler (1993). We find that f6 and f7 have a FAP > 99.9%. (There
is an additional peak at 119.552 s with S/N = 3.7 and a FAP of 99.8%. However,
this periodicity is sufficiently close to the 119.667 s periodic drive error of the 2.1 m
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Figure 4.5 A zoom of the high-frequency regions in the FT of the entire J1112 data
set that display evidence for short-period variability, potential p-mode pulsations
at 134.3 s (top) and 107.6 s (bottom). The original FT is shown in black, and the
red shows the residuals after pre-whitening by the highest-amplitude peak. The
dashed blue and green lines show the 3〈A〉 and 4〈A〉 lines, respectively. The lower
panel shows the spectral window in blue centered around each periodicity.
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Otto Struve telescope that we will not include it in our formal frequency solution.)
Figure 4.5 shows a zoomed-in portion of the FT around 134.3 s and 107.6 s using
our entire data set.
This variability is coherent enough to reach significant amplitude over four
months of observations. Some of our longest individual runs also evidence this
variability, such as the 6.5 hr run on 2012 Jan 27 (with a 1.24 ± 0.36 mma signal at
134.2 ± 2.2 s) and the 3.5 hr run on 2012 Feb 1 (with a 1.17 ± 0.40 mma signal at
107.9 ± 1.8 s). These two peaks are also fairly significant if we use just our 2012
January data: The 134.275 s mode has 0.55 ± 0.17 mma amplitude (> 99.9% FAP)
while the 107.557 s mode has 0.46± 0.14 mma amplitude (98.2% FAP).
This variability is too short to be explained as g-mode pulsations without
invoking implausibly high values of the spherical harmonic degree. A recent non-
adiabatic pulsation analysis relevant to low-mass WDs by Co´rsico et al. (2012b)
found that g-modes of low radial order (and thus the shortest period) are stable to
pulsations and should not be driven to observability. Their calculations found that
unstable g-modes in a 0.17 M WD have radial orders k ≥ 9 and periods longer
than 1100 s. Even if we ignore their conclusion that an ` = 1, k = 1mode is stable,
they find this lowest radial order mode has a period ∼249.5 s. Similarly, Steinfadt
et al. (2010a) also found that an ` = 1, k = 1 g-mode for a 0.17M WD has a ∼245
s period.
The short-period variability seen in J1112 is also inconsistent with nonlin-
ear combination frequencies present in the non-sinusoidal light curves of many
classical DAVs (Brickhill 1992). For one, the light curve of J1112 is extremely sinu-
soidal. Additionally, the short-period variability is not a multiple of any of the five
low-frequency modes, nor is it a combination of different modes.
Instead, we propose that this variability is caused by acoustic or pressure
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(p-mode) pulsations driven to observability in J1112. Co´rsico et al. (2012b) find
that low-order p-modes are pulsationally unstable, and have periods ranging from
109−7.5 s for their 1 < k < 29models of a 0.17M He-core WD. The 134.3 s period
we observe in J1112 is slightly longer than this predicted range, which suggests
some uncertainty in identifying the true nature of these instabilities. Still, should
these hold up as acoustic modes, this would mark the first detection of p-mode
pulsations in any WD. We discuss the impact of this discovery in Section 4.7.3.
4.4 SDSS J151826.68+065813.2 (J1518)
4.4.1 Spectroscopic Observations
Brown et al. (2012) present the spectroscopic discovery data for this g =
17.5 mag WD from the Blue Channel spectrograph on the 6.5m MMT. They use 41
separate spectra over more than a year to determine the system parameters, and
find that J1518 is in a 14.624 ± 0.001 hr (52646.4 ± 3.6 s) orbital period binary with
aK = 172 ± 2 km s−1 radial velocity semi-amplitude.
We have fit their 41 phased and co-added spectra with the extended stellar
atmosphere models of Tremblay & Bergeron (2009), as described in Section 4.3.1.1.
This fit formally yields Teff = 9900± 140 K and log g = 6.80± 0.05 for J1518, which
corresponds to a mass of ∼0.23 M (Panei et al. 2007). Given the mass function
(f = 0.322± 0.005M), the minimum mass of the unseen companion isM2 > 0.61
M, making it most likely anotherWD. As with J1112, the nature of the companion
has no direct bearing on pulsations in the primary, but it may partially contaminate
the spectral fits. Unlike J1112, no metal lines are detected in the spectrum of J1518.
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4.4.2 Photometric Observations
We obtained photometric observations of J1518 from 2012 March to 2012
July for more than 32.2 hr of coverage; a full journal of observations can be found in
Table 4.8. We divided the sky-subtracted light curves by the two brightest compari-
son stars in the field, SDSS J151824.11+065723.2 (g = 14.0mag) and SDSS J151828.78+
065928.9 (g = 14.3mag), to allow for fluctuations in seeing and cloud cover.
The top panel of Figure 4.6 shows a portion of a typical light curve for J1518,
obtained in 2012 April, and includes the brightest comparison star in the field over
the same period. High-amplitude, multi-periodic, highly non-sinusoidal variabil-
ity is evident. The bottom panel of this figure shows an FT utilizing all 16,522 light
curve points collected thus far.
Given the relatively sparse coverage over four months (< 1.2% duty cycle),
the spectral window for our observations of J1518 is quite messy, and aliasing from
gaps in the data makes identifying the underlying periods of variability especially
difficult. As such, we have provided two families of solutions in Table 4.3.
The highest peak in the FT occurs at∼357 µHz. However, after pre-whitening
by this frequency, there is considerable ambiguity as to the next highest peak. There
are two peaks with nearly the same amplitude, one slightly higher at 452.4895 µHz
than the other split apart by the daily alias at 440.8777 µHz. Our two families of
solutions are based on which of these aliases we pick. We note that the top family
of solutions holds up more robustly to a Monte Carlo simulation of the associated
frequency and amplitude uncertainties, but the bottom family does a marginally
better job of reproducing the data (the residuals after fitting this solution have a
3.27% total amplitude, while the residuals after fitting the top family have 3.32%
total amplitude). In both cases, the fits do a poor job of reproducing the non-linear
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Figure 4.6 The top panel shows high-speed photometry of J1518 from a representa-
tive run, this a portion from 2012 April 16. The brightest comparison star is shown
in blue, offset by−15%. Average point-by-point photometric errors are shown. The
bottom panel shows a Fourier transform of our entire data set to date, more than 32
hr of observations from 2012 March to 2012 July. We also display in red the Fourier
transform of the residuals after pre-whitening by the seven periods listed in the top
portion of Table 4.3 and mark those periods with green tick marks at the top of the
panel. We mark the 4〈A〉 significance line as a dashed green line.
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Table 4.3. Frequency Solutions for SDSS J1518+0658
ID Period Frequency Amplitude S/N
(s) (µHz) (mma)
Family I
f1 2799.087 ± 0.005 357.2593 ± 0.0007 35.4 ± 0.6 11.8
f2 2268.203 ± 0.004 440.8777 ± 0.0007 21.6 ± 0.2 7.1
f3 2714.306 ± 0.003 368.4183 ± 0.0005 21.6 ± 0.9 7.1
f4 1956.361 ± 0.003 511.1532 ± 0.0007 18.1 ± 0.3 5.7
f5 3848.201 ± 0.009 259.8617 ± 0.0006 15.7 ± 0.3 5.3
f6 1335.318 ± 0.003 748.8855 ± 0.0015 13.6 ± 0.6 4.5
f7 2134.027 ± 0.004 468.5976 ± 0.0008 14.2 ± 0.4 4.5
Family II
f1 2796.048 ± 0.022 357.6476 ± 0.0028 41.1 ± 4.8 13.5
f2 2209.996 ± 0.024 452.4895 ± 0.0049 19.9 ± 1.4 6.5
f3 2802.769 ± 2.6 356.79 ± 0.33 26.4 ± 3.9 8.7
f4 1956.331 ± 0.008 511.1609 ± 0.0020 18.1 ± 0.8 5.7
f5 3683.703 ± 7.7 271.47 ± 0.57 17.7 ± 3.2 5.7
f6 2413.091 ± 29.5 414.41 ± 5.07 15.6 ± 4.0 5.2
f7 1318.847 ± 0.004 758.2382 ± 0.0021 12.9 ± 0.4 4.4
peakiness manifest as the sharp rises and falls in the light curve. However, the fits
do a decent job of predicting when these features occur.
The seven significant periodicities we identify in J1518 are by no means
exhaustive; we note the significant residual power left over after pre-whitening by
these periods shown as the red FT at the bottom of Figure 4.6. In the range between
200− 800 µHz (1250− 5000 s), the average amplitude of the original FT is 6.4 mma,
and after pre-whitening it remains above 3.4 mma. A coordinated campaign of
near-continuous observations of this relatively bright WD has been undertaken to
help resolve the periods present in this pulsating WD.
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4.5 SDSS J161431.28+191219.4 (J1614)
4.5.1 Spectroscopic Observations
Brown et al. (2012) found that J1614 had Teff = 8590 ± 540 K and log g =
5.64±0.12, based on a single spectrum of this g = 16.4magWD from the FLWO 1.5
m telescope using the FAST spectrograph (Fabricant et al. 1998). We have obtained
an additional 51 spectra using the same instrument and setup.
4.5.1.1 Atmospheric Parameters
We have co-added our spectroscopic observations to determine the atmo-
spheric parameters of the ELM WD J1614 (Figure 4.7). Our observations cover a
wavelength range from 3550 − 5450 A˚. The model atmospheres used for this anal-
ysis are described at length in Gianninas et al. (2011) and employ the new Stark
broadening profiles from Tremblay & Bergeron (2009). Models where convective
energy transport becomes important are computed using the ML2/α = 0.8 pre-
scription of the mixing-length theory (see Tremblay et al. 2010). A discussion of
our extension of these models to lower surface gravities and more details of our
fitting method can be found in Section 4.3.1.1.
Our final fit to the phased and co-added spectrum of J1614 is shown in the
top panel of Figure 4.7 and yields Teff = 8880 ± 170 K and log g = 6.66 ± 0.14. This
corresponds to a mass of ∼0.20 M using the He-core WD models of Panei et al.
(2007).
We have also performed our fit without using the low S/N lines H11−H12,
but thismarginally affects our solution: Using only theHγ−H10 lines of the Balmer
series, we find Teff = 8830±160 K and log g = 6.54±0.16. To remain self-consistent
with our previous pulsating ELM WD atmospheric determinations (Hermes et al.
2012c, 2013d), wewill include theH11−H12 lines in our adopted solution for J1614.
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Figure 4.7 The summed spectra of J1614, with a model fit to the Hγ−H12 lines of
the Balmer series. This model derives the primary parameters in Section 4.5.1.1.
4.5.1.2 Radial Velocity Observations
ELM WDs are typically found in close binary systems; these companions
are necessary to strip the progenitor of enough mass to form such a low-mass WD
within the age of the universe (Kilic et al. 2011a). However, using the code of
Kenyon & Garcia (1986), we do not detect any significant radial velocity variability
in our observations of J1614. The r.m.s. scatter gives us an upper limit on the RV
semi-amplitude: K < 56 km s−1. The systemic velocity is γ = −148.7± 7.6 km s−1.
We note that this non-detection does not indicate the lack of a companion
to the ELM WD in J1614. Rather, the system may be inclined nearly face-on to
our line of sight, or the companion may be a much cooler low-mass WD. If the
inclination is i > 30◦, which is more than 85% likely if the orientation to the system
is randomly inclined, the companion has M2 < 0.17 Mif the system has a 7 hr
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orbital period, the median for ELM WD binaries in the ELM Survey (Brown et al.
2013). Empirically, there are similarly low-mass WDs in the ELM Survey with no
significant radial velocity variability (e.g. SDSS J0900+0234, Brown et al. 2012).
4.5.2 Photometric Observations
We obtained high-speed photometric observations of J1614 at the McDon-
ald Observatory over five consecutive nights in 2012 June for a total of nearly 15.4
hr of coverage. We divided the sky-subtracted light curves by the brightest com-
parison star in the field, SDSS J161433.39+191058.3 (g = 14.3 mag), to correct for
transparency variations.
The top panel of Figure 4.8 shows a portion of a typical light curve for J1614,
obtained on 2012 June 23, and includes the brightest comparison star in the field
over the same period. The bottom panel of this figure shows a Fourier transform
(FT) utilizing all 11,075 light curve points collected thus far. We display the 4〈A〉
significance line at the bottom of Figure 4.8, calculated from the average amplitude,
〈A〉, of an FT within a 1000 µHz region in steps of 200 µHz, after pre-whitening by
the two highest-amplitude periodicities.
The pulse shape of J1614 appears quite sinusoidal, and is well described
by two nearby periods at 1262.67 and 1184.11 s. The amplitudes of these periods
are identified in Table 4.4. For more realistic estimates, the cited errors are not
formal least-squares errors to the data but rather the product of 105 Monte Carlo
simulations of perturbed data using the software package Period04 (Lenz & Breger
2005). The signal-to-noise calculation is based on the amplitude of the variability
as compared to the average amplitude of a 1000 µHz box centered around that
variability, after pre-whitening by the two highest-amplitude periodicities.
It is possible that f1 and f2 are consecutive radial modes, in which case the
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Figure 4.8 The top panel shows high-speed photometry of J1614 from a representa-
tive run on 2012 June 23. The brightest comparison star is shown in blue, offset by
−8%. Average point-by-point photometric errors are also shown. The bottompanel
shows a Fourier transform of our entire data set to date, some 15.4 hr of observa-
tions in 2012 June. We also display in red the Fourier transform of the residuals
after prewhitening by the two periods listed in Table 4.4, and mark those periods
with green tick marks at the top of the panel. We mark the 4〈A〉 significance level,
described in the text, as a dashed green line.
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Table 4.4. Frequency Solution for SDSS J1614+1912
ID Period Frequency Amplitude S/N
(s) (µHz) (mma)
f1 1262.668 ± 0.041 791.974 ± 0.026 5.94± 0.11 16.0
f2 1184.106 ± 0.064 844.519 ± 0.045 3.20± 0.10 8.6
difference in their periods, 78.56 s, could probe the forward mean period spacing,
which is a sensitive function of the overall WD mass. (We note that Co´rsico et al.
2012b find that low-mass WDs reach the asymptotic limit for mean period spacing
for only high radial order, k > 25. For reference, they find an asymptotic mean
period of 94.3 s for a 0.20M, 8860 K He-core WD.)
The models of Co´rsico et al. (2012b) provide a useful context for the ob-
served periodicities: Their 8889 K, 0.22 M He-core WD model, which has a rel-
atively thick hydrogen layer (MH/M∗ = 10
−2.78), shows an ` = 1, k = 11 g-mode
at 1196.07 s and an ` = 1, k = 12 g-mode at 1274.67 s. In addition, we find an
excellent match of these two periods to their 8850 K, 0.303 M model, in which
the ` = 1, k = 14 and ` = 1, k = 15 g-modes occur at 1196.07 s and 1274.66 s,
respectively, and differ by 78.60 s.
It is also possible that the 52.5 µHz difference between these two oscillations
could be explained by a rotational splitting from a single mode in the star (Hansen
et al. 1977). Such a splitting could arise from a 16.9 hr rotation rate if the 1184 s
mode is an ` = 1 mode, assuming roughly solid-body rotation. However, such an
interpretation would predict three evenly spaced frequencies in the data. We find
only two. These two periodicities are therefore likely independent modes in the
star.
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4.6 SDSS J222859.93+362359.6 (J2228)
4.6.1 Spectroscopic Observations
We targeted J2228 based on a single classification spectrum published in
Brown et al. (2012). A preliminary fit to the spectrum of this g = 16.9magWD from
the FLWO 1.5 m telescope using the FAST spectrograph found Teff = 8590 ± 540 K
and log g = 5.64 ± 0.12. We have obtained 30 additional spectra using the FLWO
1.5 m telescope and two additional spectra using the Blue Channel Spectrograph
(Schmidt et al. 1989) on the 6.5m MMT.
4.6.1.1 Atmospheric Parameters
As with J1614, we have co-added our spectroscopic observations to deter-
mine the atmospheric parameters of the primary ELM WD visible in J2228. Our
model atmosphere fitting is identical to that as described in Section 4.5.1.1.
Our final fit to the co-added MMT spectrum of J2228 is shown in Figure 4.9
and yields Teff = 7870 ± 120 K and log g = 6.03 ± 0.08. This corresponds to a mass
of ∼0.16 M using the He-core WD models of Panei et al. (2007). Similarly, a fit
to our 31 FAST spectra, which has lower S/N, finds Teff = 7990 ± 190 K and log g
= 6.25 ± 0.15.
In addition to the Balmer series, the Ca II K line is also observed in the spec-
tra of J2228 (see the deep absorption feature at 3933 A˚ in Figure 4.10, as well as the
absorption in the blue wing of the H line seen in Figure 4.9). We have previously
seen strong Ca lines in very low-surface-gravity WDs (log g < 6.0). These metal
lines typically phase with the ELMWD radial velocity and are thus not interstellar
(e.g. Hermes et al. 2013d, Brown et al. 2013, Kaplan et al. 2013). For the purposes
of this analysis, we simply exclude the wavelength range where that metal line is
present so that it does not affect either the normalization of the individual Balmer
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Figure 4.9 The summed spectrum of J2228, with a model fit to the Hγ−H12 lines
of the Balmer series derived from the spectroscopic method. We have excluded
the region of the deep Ca absorption in the blue wing of the H line. This model
derives the primary parameters in Section 4.6.1.1.
Figure 4.10 A zoomed in portion from 3800−4000 A˚ of the summed spectra of J2228
from our MMT observations. The deep absorption feature at 3933 A˚, between H8
(left) and H (right) corresponds to the Ca II K line and is most likely in the atmo-
sphere of this ELMWD. The best model atmosphere, shown in detail in Figure 4.9,
is over-plotted in red.
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lines nor the actual fits themselves. However, the presence of Ca in the atmosphere
of this WD may introduce a systematic effect on the derived atmospheric parame-
ters.
4.6.1.2 Radial Velocity Observations
As with J1614, we do not detect any significant radial velocity variability in
our observations of J2228. Again, the r.m.s. scatter gives us an upper limit on the
RV semi-amplitude: K < 28 km s−1. The systemic velocity is γ = −52.5 ± 4.7 km
s−1.
If the inclination is i > 30◦, we can put an upper limit on the companion
mass ofM2 < 0.06M if the orbital period is 7 hr (see Section 4.5.1.2). Similarly, the
companion would have less mass than M2 < 0.26 M if the inclination is i > 10
◦.
If the system inclination is randomly oriented, there is a < 2% probability that the
inclination is i < 10◦. If a binary companion remains around J2228, it likely has
low mass.
4.6.2 Photometric Observations
Our high-speed photometric observations of J2228 were obtained and re-
duced in an identical manner as those described in Section 4.5.2. We divided
the sky-subtracted light curves by the sum of three brighter comparison stars in
the field: SDSS J222904.91+362454.1 (g = 15.4 mag), SDSS J222859.80+362532.3
(g = 15.8mag), and SDSS J222902.31+362351.5 (g = 16.2mag).
We first observed J2228 over three consecutive nights in 2011 November,
but the star went behind the Sun before we could confirm variability. All told,
we obtained more than 25.7 hr of photometric observations spread over nearly 10
months. A full journal of observations can be found in Table 4.8.
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Figure 4.11 The top panel shows high-speed photometry of J2228 from a represen-
tative run on 2012 Sep 20. The brightest comparison star is shown in blue, offset
by −5%. Average point-by-point photometric errors are also shown. The bottom
panel shows a Fourier transform of our entire data set to date, some 25.7 hr of
observations from 2011 November to 2012 September. We also display in red the
Fourier transform of the residuals after prewhitening by the highest-amplitude pe-
riods listed in Table 4.5 and mark those periods with green tick marks at the top of
the panel. We mark the 4<A> significance level, described in the text, as a dashed
green line.
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The top panel of Figure 4.11 shows a portion of a typical light curve for
J2228, obtained on 2012 Sep 20, and includes the brightest comparison star in the
field over the same run. The bottom panel of this figure shows a Fourier transform
(FT) utilizing all 9327 light curve points collected thus far. We display the 4〈A〉 sig-
nificance line at the bottom of Figure 4.11, calculated from the average amplitude
of an FT within a 1000 µHz region in steps of 200 µHz, after pre-whitening by the
four highest-amplitude periodicities identified in Family 1 of Table 4.5.
We identify these periods by taking an initial Fourier transform of the data.
We iteratively pre-whiten by the highest amplitude peak and take a Fourier trans-
form of the residuals, until there are no peaks above 4 times the average amplitude
over the initial Fourier transform out to the Nyquist frequency. As before, the cited
errors are not formal least-squares errors to the data but rather the product of 105
Monte Carlo simulations, and the S/N calculation is performed identically to that
in J1614.
Because our coverage is so sparse over nearly 10 months, we have com-
puted two families of frequency solutions in Table 4.5. Family I comes from our
entire data set, spanning 2011 November to 2012 September, and is the set of peri-
ods that have been pre-whitened to display the red residual Fourier transform in
Figure 4.11. Family II uses only our 2012 September data, 16.6 hr of coverage in
good conditions over five nights, and has a considerably cleaner spectral window.
There is evidence for a formally significant peak at 10,075.1 s (2.8 hr). How-
ever, this periodicity is quite close to the length of a typical run on this object,
and may be an artifact from differential transparency variations. We have tested
this hypothesis by reducing a star with a similar magnitude to J2228 in the field,
SDSS J222901.52+362426.5 (g = 16.9); one formally significant peak shows up in the
FT of that star at a similarly long period, 8999 s. We have therefore not included the
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10,075.1 s period in J2228 in our frequency solution. There are no other significant
periodicities out to 2000 µHz in the FT of this nearby, similarly bright comparison
star.
In addition to the multiple long-period modes excited in J2228, we see
low-amplitude but significant evidence for variability at 120.411 s (see Figure 4.12,
zoomed into more detail in Figure 4.13). As with the other higher-amplitude pe-
riodicities in J2228, we have computed the probability these detections are real by
computing the False Alarm Probability, using the formalism described in Kepler
(1993). We find that all periodicities, including f5 at 120.411 s, have a FAP> 99.9%.
(We note that f5 is close to the 119.667 s periodic drive error of the 2.1 mOtto Struve
telescope. However, we see no evidence at all for a 120.411 s periodicity in the com-
parison star of comparable magnitude. We have also systematically increased the
radius of the aperture used for our light curve extraction, each by 4 pixels from our
optimal aperture, and continue to see a significant peak at 120.406 s with S/N= 4.3.
We therefore consider this periodicity intrinsic to J2228.)
This 120.4 s oscillation is too short to be explained as a g-mode pulsation
without invoking implausibly high values of the spherical harmonic degree, ` ≥
3. Neither is it a nonlinear combination frequency of any low-frequency modes
observed (Brickhill 1992). Instead, we propose that this variability is caused by
acoustic or pressure (p-mode) pulsations driven to observability in J2228.
Two independent groups have recently published low-mass white dwarf
models, and each predict both g- and p-mode pulsational instabilities in ELMWDs.
For the g-mode pulsations, Co´rsico et al. (2012b) found that only higher-radial-
order ` = 1 (k ≥ 9) were unstable, and thus they predict ` = 1 pulsation periods
Π > 1100 s. This is consistent with observed distribution of long-period variability
in the pulsating ELM white dwarfs discovered so far (Hermes et al. 2012c, 2013d).
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Figure 4.12 A Fourier transform of our entire data set for J2228 out to the Nyquist
frequency. The low-frequency region shown in the bottom panel of Figure 4.11
is mostly off-scale, but this figure shows the significant variability marked with a
red X around 8305 µHz (120.4 s). We show this region of interest in more detail
in Figure 4.13. The dashed blue and green lines show the 3〈A〉 and 4〈A〉 lines,
respectively.
Similarly, Van Grootel et al. (2013) found that only k ≥ 4 g-modes were unstable
in their non-adiabatic models, suggesting mode periods in excess of Π > 500 s.
Thus, the shorter-period optical variability in J1112 is best explained as pressure
(p-mode) pulsations.
This is not the first detection of short-period, possible p-mode pulsations
in an ELM WD. J1112, a log g = 6.36 ± 0.06 WD, shows significant evidence for
variability at 134.275 s and 107.56 s, at similar amplitudes of 0.44 and 0.38 mma,
respectively (Hermes et al. 2013d). J1112 and J2228 are the two lowest surface-
gravity pulsatingWDs known,which shouldmake themmore conducive to exhibit
p-mode pulsations at higher amplitudes, since they can allow for a smaller ratio of
horizontal to vertical displacement on the surface.
Co´rsico et al. (2012b) found ` = 1, k = 1 p-modes with periods of roughly
109 s for their 0.17M models, qualitatively similar to this 120.4 s oscillation, espe-
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Figure 4.13 A zoom of the high-frequency region in the FT of J2228 that displays
evidence for short-period variability, potential p-mode pulsations at 120.4 s. The
original FT using all our data is shown in black, and the red shows the residuals af-
ter pre-whitening by the highest-amplitude peak. The dashed green and blue lines
show the 4〈A〉 and 3〈A〉 significance lines, respectively. The lower panel shows the
spectral window in blue centered around 8304.89 µHz.
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Table 4.5. Frequency Solutions for SDSS J2228+3623
ID Period Frequency Amplitude S/N
(s) (µHz) (mma)
Family I: All Data
f1 4181.067 ± 0.005 239.1734 ± 0.0003 6.12 ± 0.13 24.8
f2 3252.420 ± 0.008 307.4634 ± 0.0008 2.52 ± 0.14 10.5
f3 6228.90 ± 0.18 160.542 ± 0.005 1.64 ± 0.16 6.6
f4 4096.851 ± 0.022 244.0899 ± 0.0013 1.35 ± 0.16 6.0
f5 120.411 ± 0.003 8304.89 ± 0.19 0.67 ± 0.12 4.8
Family II: Only 2012 Sep Data
f1 4178.43 ± 0.85 239.325 ± 0.049 6.47 ± 0.18 23.0
f2 3253 ± 82 307.4 ± 7.7 2.60 ± 0.43 9.5
f3 6235 ± 490 160± 13 1.87 ± 0.32 6.8
f4 3901.9 ± 4.5 256.29 ± 0.29 1.20 ± 0.18 4.3
f5 120.411 ± 0.004 8304.87 ± 0.31 0.69 ± 0.15 3.9
cially considering J2228 likely has lower mass than 0.17M.
4.7 Discussion
4.7.1 Ensemble Properties of Pulsating ELMWDs
We can begin to put the first five pulsating putatively He-core ELM WDs
into context with the 150 previously knownDAVs with probable CO-cores by com-
paring some ensemble properties of both. While we have not yet matched the ob-
served periods in these pulsating ELM WDs to full asteroseismic models, we can
begin to assess some of their observed properties.
Previous studies of the knownDAVs have shown convincingly an observed
increase in the periods of excitedmodeswith lower effective temperatures (Mukadam
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et al. 2006). This is an expected consequence of cooler DAVs having deeper con-
vection zones, which in turn lengthens the thermal timescale, most important for
driving mode instabilities. Empirically, Mukadam et al. (2006) showed there was
a roughly linear increase in the weighted mean period (WMP) of DAVs with de-
creasing effective temperature.
This trend holds true with the pulsating ELM WDs, which have signifi-
cantly cooler temperatures and longer periods than their CO-core brethren. Ta-
ble 4.6 shows the WMPs of the known He-core DAVs, as well as the range of peri-
ods observed, which extends up to 6229 s in J2228, the coolest DAV known to date.
The long periods also make sense qualitatively in the context of low-mass WDs,
since the period of pulsation modes roughly scales with the dynamical timescale
for the whole star, Π ∝ ρ−1/2.
We are extremely interested in finding pulsation periods that are consecu-
tive radial overtones, since the asymptotic period spacings of g-modes are a direct
probe of the overall mass of the star. We expect that low-mass pulsating WDs will
have relatively high mean period spacings. For the relevant He-core WD models,
Co´rsico et al. (2012b) find that 0.17 M WDs have dipole forward period spacings
of roughly 104 s, compared to period spacings of 64 s for a 0.45 M He-core WD.
Similarly, Steinfadt et al. (2010a) find an 89 s mean period spacing for a 0.17 M
WD.
The rich and relatively simple pulsation spectrum of J1112 offers an ex-
cellent opportunity to search for consecutive radial overtones. The two shortest-
period g-mode pulsations in this star, at 1884.6 s and 1792.9 s, differ by 91.7 s.
If these are ` = 1 modes of consecutive radial order, this would be excellent direct
confirmation that this is indeed a roughly 0.17M He-coreWD. However, a full as-
teroseismic investigation is warranted to confirm that these are indeed consecutive
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Table 4.6. Properties of the Five Known Pulsating ELMWDs
Property Value Property Value
SDSS J184037.78+642312.3
Teff 9390± 140 K log g 6.49± 0.06
Mass ∼0.17M g-band 18.8 mag
Periods 2094− 4890 s WMP 3722 s
Porb 4.5912± 0.001 hr M2 > 0.64M
SDSS J111215.82+111745.0
Teff 9590± 140 K log g 6.36± 0.06
Mass ∼0.17M g-band 16.2 mag
Periods 107.6− 2855 s WMP 2288 s
Porb 4.1395± 0.0002 hr M2 > 0.14M
SDSS J151826.68+065813.2
Teff 9900± 140 K log g 6.80± 0.05
Mass ∼0.23M g-band 17.5 mag
Periods 1335− 3848 s WMP 2404 s
Porb 14.624± 0.001 hr M2 > 0.61M
SDSS J161431.28+191219.4
Teff 8800± 170 K log g 6.66± 0.14
Mass ∼0.20M g-band 16.4 mag
Periods 1184− 1263 s WMP 1235 s
Porb · · · M2 · · ·
SDSS J222859.93+362359.6
Teff 7870± 120 K log g 6.03± 0.08
Mass ∼0.16M g-band 16.9 mag
Periods 120.4− 6229 s WMP 4958 s
Porb · · · M2 · · ·
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modes. That hinges on constructing enough He-core WD models with sufficiently
different hydrogen layer masses, if these models do indeed produce different hy-
drogen layer masses for a given overall mass.
Additionally, J1112 (relatively sinusoidal) and J1518 (extremely nonlinear)
offer strongly contrasting pulse shapes. It has been suggested that the large non-
linear distortions in the emergent flux are due to the changing depth of the star’s
convection zone during a pulsation cycle (Brickhill 1992, Wu 2001, Montgomery
2005). If this is the case, the method of Montgomery et al. (2010) could be used on
J1518 to infer the thermal response timescale and thereby the average depth of the
convection zone in this highly non-sinusoidal DAV. Distortions in the light curve
may also be the result of other processes, such as the nonlinear response of the
emergent flux to temperature perturbations (Fontaine & Brassard 2008).
These pulsating ELM WDs lie in a new region of the classical ZZ Ceti in-
stability strip, extending the strip to much cooler and lower surface gravity WDs.
We have used our new temperature and surface gravity determinations described
in Section 4.3.1.1 to characterize our five new ELMWDs. This means we have also
updated the atmospheric parameters for J1840, the first pulsating ELMWD discov-
ered. These values can be found in Table 4.6.
4.7.2 The Extended DAV Instability Strip
Aside from their variability, theDAVs discovered to date appear to be other-
wise normal WDs, and are therefore believed to be a natural phase in the evolution
for all DAs. Although some DAs within the empirical instability strip have been
observed not to vary to decent limits (Kepler & Nelan 1993, Mukadam et al. 2004),
follow-up observations have shown that some of these stars really do pulsate at low
amplitude (Castanheira et al. 2007). Higher-quality optical and UV data have also
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moved some of these non-variable interlopers out of the instability strip (Bergeron
et al. 1995). Thus, it is currently believed that the ZZ Ceti instability strip is pure,
such that all DA WDs will at some point pass through it and pulsate (Fontaine
et al. 1982, 1985, Bergeron et al. 2004). Much work has been devoted to empirically
mapping the ZZ Ceti instability strip, which runs in temperature from roughly
12300 − 10800 K for standard log g = 8.0 WDs (Koester & Holberg 2001, Bergeron
et al. 2004, Mukadam et al. 2004, Gianninas et al. 2005, 2006, Mukadam et al. 2006).
There is also a dependence on surface gravity, such that WDs with lower surface
gravities pulsate at lower effective temperatures. This trend has been observed for
WDs with masses from 1.1M down to 0.5M.
The blue edge of the ZZ Ceti instability strip, where pulsations are turning
on, has been successfully estimated by both convective period arguments (Brickhill
1991) and full non-adiabatic calculations (Winget et al. 1982, Brassard & Fontaine
1999, Van Grootel et al. 2012). A slightly more efficient prescription for convection
has to be assumed, by increasing the value of the mixing-length theory parameter
ML2/α, tomake the theorymatch the observed blue edge,whichwasmost recently
mapped empirically by Gianninas et al. (2011).
However, estimating the temperature in which pulsations should shut down
has remained a challenge. Modern non-adiabatic calculations do not predict a red
edge until around 5600 K (Van Grootel et al. 2012), more than 5000 K cooler than
the empirical red edge (Kanaan et al. 2002, Gianninas et al. 2011). Hansen et al.
(1985) argue that a surface reflection criterion can be enforced to limit the maxi-
mum mode period, which may push a theoretical red edge to hotter temperatures,
nearer what is observed (Van Grootel et al. 2013).
Our discovery of pulsating ELM WDs provides an exciting new opportu-
nity to explore the nature of the physics of WD pulsations to much lower masses.
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We can compare the five pulsating ELM WDs to the previously known DAVs by
placing them in an extended instability strip, shown in Figure 4.14. Doing so, we
discover there are at least six ELM WDs that have been observed extensively and
do not show significant evidence for variability of at least 1% relative amplitude
with temperatures and surface gravities between the newfound ELM DAV J2228
and the other four known pulsating ELM WDs. We have excellent limits on the
lack of variability in four of these six, ruling out pulsations to at least 0.3% ampli-
tude.
We have put limits on three of these new non-detections, detailed in Ta-
ble 4.7. We note that Steinfadt et al. (2012) previously observed PSR 1012+5307, but
we have put much more stringent limits on a lack of variability on this faint ELM
WD with 7 hr of observations in excellent conditions.
The other three interlopers have been detailed in previous studies. SDSS
J0822+2753 is a Teff = 8880 ± 60 K, log g = 6.44 ± 0.11 WD observed not to vary to
0.2% (Hermes et al. 2012c). SDSS J1443+1509 is a Teff = 8810± 320 K, log g = 6.32±
0.07WDwith exquisite limits on lack of variability, to< 0.1% (Hermes et al. 2013d).
Finally, NLTT 11748 is the Teff = 8540± 50 K, log g = 6.20± 0.15 primary WD in an
eclipsing WD+WD binary (Steinfadt et al. 2010b). It was shown by Steinfadt et al.
(2012) not to vary out of eclipse to at least 0.5%. We have obtained an additional 8
hr of photometry of NLTT 11748 out of eclipse at McDonald Observatory and can
independently rule out variability to at least 0.3%.
The discovery of pulsations in J2228, which is considerably cooler than at
least a half-dozen other photometrically constant ELM WDs, questions the purity
of the extended ZZ Ceti instability strip for He-core WDs. However, there is no a
priori reason to expect the ELMWD instability strip to be pure; evolution through
a specific temperature-gravity region is not established for the ELMWDs, and they
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Figure 4.14 The extended ZZCeti instability strip. We show 56 CO-core DAVs char-
acterized in a consistentway by Gianninas et al. (2011) as purple dots, andmark the
five known pulsating ELMWDs in burnt orange. We denote an extrapolated theo-
retical blue edge for the low-mass ZZ Ceti instability strip; this dashed-dotted blue
line is described in the text. We also include as a big-dashed-little-dashed blue line
the theoretical blue edge for low-mass DAVs from Van Grootel et al. (2013). We
mark the empirical blue- and red-edges for CO-core DAVs from Gianninas et al.
(2011) as dashed blue and red lines, respectively. Objects not observed to vary to at
least greater than 10 mma (1%) are marked with an X. We include three new WDs
not observed to vary, listed in Table 4.7; the others were detailed in Steinfadt et al.
(2012), Hermes et al. (2012c, 2013d), Antoniadis et al. (2013). Cooling models for
different WD masses are included as dotted and solid lines, and described in the
text.
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may not all cool through the instability strip in as simple a manner as the CO-core
DAVs.
To illustrate this, we have plotted the evolution of several different WD
masses through the effective temperatures and surface gravities in Figure 4.14. We
plot the 0.16M, 0.17M, 0.18M, 0.20M, 0.25M, and 0.35M He-core mod-
els of Panei et al. (2007) as dotted magenta lines. We have also used the stellar
evolution code MESA (Paxton et al. 2011, 2013) to model the evolution of 0.15M,
0.20 M, and 0.25 M He-core WDs, shown as solid cyan lines in Figure 4.14. For
reference, we have also included 0.6 M, 0.8 M, and 1.0 M C/O-core cooling
tracks (Holberg & Bergeron 2006, Kowalski & Saumon 2006, Tremblay et al. 2011).
Where the lowest-massWDmodels enter this diagram depends on howwe
artificially removemass from themodels, and there is a very noticeable discrepancy
between the 0.16 M Panei et al. (2007) WD models and our 0.15 M WD models
using MESA. As an added complication, except for the lowest-mass ELM WDs
(below roughly 0.18 M), recurrent hydrogen shell flashes cause the ELM WD to
loop many times through this diagram, further confusing the picture (e.g., Panei
et al. 2007, Steinfadt et al. 2010a).
It is therefore not entirely surprising to find non-variable ELM WDs be-
tween J2228 and the four warmer pulsating ELM WDs. Further empirical explo-
ration of the entire ELM WD instability strip offers a unique opportunity to con-
strain the binary and stellar ELMWDmodels, especially the regimes in which late
thermal pulses occur in thick hydrogen layers for ELMWDs.
In contrast to the confusion along the red edge, the theoretical and empirical
blue edge is relatively more straightforward. Following Brickhill (1991) and Gol-
dreich & Wu (1999), we use the criterion that Pmax ∼ 2piτC for the longest period
mode that is excited, where Pmax is the mode period and the timescale τC describes
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the heat capacity of the convection zone as a function of the local photospheric
flux, which we compute from a grid of models2. Using the traditional value of
Pmax = 100 s, we find that the convection parameters ML2/α = 1.5 provide a good
match to the blue edge for the normal-mass DAVs, but that extrapolating this rela-
tion to the pulsating ELM WDs yields a blue edge which is somewhat hotter than
the observations (see the dotted blue line in Figure 4.14). The models of Co´rsico
et al. (2012b) find that only g-mode periods greater than ∼1000 s are excited, but
using this criterion only moves the blue edge a small amount closer to the location
of the observed pulsators (about 130 K for a given surface gravity). It is possible
there are additional mechanisms at work that move the blue edge to cooler tem-
peratures. Using a less efficient prescription for convection, such as ML2/α = 1.0,
will shift the blue edge to cooler temperatures, as seen in Van Grootel et al. 2013,
whose blue edge we include in Figure 4.14. We are also still dominated by small
number statistics, and perhaps we have simply not yet found any hotter pulsat-
ing low-mass WDs. It remains difficult to predict a theoretical red edge for even
the classical C/O-core DAVs, so we have not extended it to low-mass WDs, and
instead provide a portion of the red-edge established by Gianninas et al. (2011).
We now include in Figure 4.14 the newly discovered WD companion to
a massive pulsar PSR 0348+0432, which has Teff = 10,120 ± 90 K and log g =
6.04 ± 0.06, putting it very close to our theoretical blue edge. This ELM WD is
photometrically constant in the g-band to a limit of roughly 7 mmag (Antoniadis
et al. 2013).
We continue to search for new pulsating ELM WDs, but there is also util-
ity in constraining the regions of parameter space where WDs are not observed
2Note that τC ≈ 4τth, where τth is the thermal timescale at the base of the convection zone. The
average value of τC is often denoted as τ0.
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Table 4.7. Observed Low-Mass DAV Candidates and Null Results
Object g-SDSS Teff log g Reference Det. Limit
(mag) (K) (cm s−1) %
SDSS J012549.37+461920.1 15.8 9050 ± 580 7.18± 0.12 Brown et al. (2012) 0.3
SDSS J011210.25+183503.74 17.3 9690 ± 150 5.63± 0.06 Brown et al. (2012) 0.1
SDSS J070216.21+111009.0 16.1 8800 ± 600 6.00± 0.12 Brown et al. (2012) 0.3
SDSS J082212.57+275307.4 18.3 8880 ± 60 6.44± 0.11 Kilic et al. (2010) 0.2
SDSS J090052.04+023413.8 18.0 8220 ± 300 5.78± 0.07 Brown et al. (2012) 0.4
SDSS J091709.55+463821.8 18.7 11850 ± 170 5.55± 0.05 Kilic et al. (2007) 0.3
PSR J101233.42+530702.8 19.6 8670 ± 300 6.34± 0.20 Callanan et al. (1998) 0.7
SDSS J122822.84+542752.92 19.6 9921 ± 143 7.25± 0.08 Eisenstein et al. (2006) 0.7
SDSS J123316.20+160204.6 19.8 10920 ± 160 5.12± 0.07 Brown et al. (2010) 0.9
SDSS J144342.74+150938.6 18.6 8810 ± 320 6.32± 0.07 Brown et al. (2012) 0.1
SDSS J174140.49+652638.7 18.4 9790 ± 240 5.19± 0.06 Brown et al. (2012) 0.3
SDSS J210308.80-002748.89 18.5 9788 ± 59 5.72± 0.07 Kilic et al. (2012) 0.2
SDSS J211921.96-001825.8 20.0 10360 ± 230 5.36± 0.07 Brown et al. (2010) 0.6
SDSS J221928.48+120418.6 17.7 9700 ± 160 5.12± 0.08 Brown et al. (2012) 0.3
to vary. We have put limits on the lack of variability in 14 ELM WDs, detailed in
Table 4.7. Our limits on SDSS J144342.74+150938.6 are particularly stringent since
we observed its field for more than 7.2 hr; one of the comparison stars we used,
SDSS J144347.31+150841.9, turned out to be variable, most likely a δ-Scuti star,
dominated by a 3.46-hr pulsation period. We construct an updated empirical in-
stability strip using the three new pulsators and more than a dozen low-mass WDs
not observed to vary, shown in Figure 4.14.
4.7.3 Acoustic (p-mode) Pulsations in WDs
As with the C/O-core DAVs that have been known for more than 40 years,
the dominant optical variability in these ELMWDs is consistent with surface tem-
perature variations caused by non-radial g-mode pulsations driven to observability
by a hydrogen partial ionization zone. However, in J1112 and J2228, we also see
the first evidence for short-period p-mode pulsations in a WD. These p-modes offer
a tantalizing opportunity to probe the interior of an ELMWD in a complimentary
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way to the g-modes also present.
Pulsation calculations have long shown that WDs of all masses should be
unstable to p-mode pulsations (e.g. Saio et al. 1983, Starrfield et al. 1983, Hansen
et al. 1985). However, despite exhaustive searches (e.g. Robinson 1984, Kawaler
et al. 1994, Silvotti et al. 2011), no such high-frequency modes have ever been ob-
served in a WD. Discovery of p-mode pulsations in ELM WDs could suggest that
these pulsation models are indeed valid, but that the amplitudes of these oscilla-
tions are simply too small to detect with significance in the more massive DAVs.
This is likely due to the fact that the ratio of vertical to horizontal displacement
in a typical 0.6 M CO-core white dwarf is about one part in 1,000, which sug-
gests the p-mode amplitudes should be orders of magnitude smaller than g-mode
amplitudes in normal DAVs. The ELM WDs have up to 1000 times lower surface
gravities, and thus this ratio is significantly reduced.
In the context of hot B subdwarf stars (sdBs), it is not entirely surprising to
find ELMWDs with observable p-mode pulsations. Variable hot B subdwarf stars
(sdBVs), especially of the EC 14026 or V361 Hya class, are observed to vary with p-
mode pulsations (e.g. Kilkenny et al. 1997, Charpinet et al. 1997). These sdBVs are
qualitatively quite similar to ELM WDs, with He-cores and similar surface gravi-
ties, 5.2 < log g < 6.1, although they are typically much hotter, with Teff > 28,000
K, and more massive, with canonical masses ∼0.45 M. Their pulsation periods
are most often in the range 120 − 300 s (Kilkenny 2007), quite similar to the vari-
ability in J1112. Many sdBVs are hybrid pulsators, showing both p- and g-mode
pulsations.
The presence of hybrid g- and p-mode pulsations in ELM WDs offers an
opportunity to probe these He-core WDs in fundamentally different ways, since
the p-modes likely have low radial order and propagate in a different region of
136
the star than g-modes. Additional p-mode pulsations will also more accurately
constrain future asteroseismic fits to these pulsating WDs.
Still, we must be careful to rule out all other possibilities before declaring
the short-period instabilities in J1112 as bona-fide p-modes. The low-order p-modes
calculated by Co´rsico et al. (2012b) range from 109 − 7.5 s for their 1 < k < 29
models of a 0.17 M He-core WD, slightly shorter than the 134.3 s periodicity in
J1112. However, since that work finds that g-modes with periods shorter than 1100
s are stable to pulsations, p-mode pulsations remain the most likely explanation
for the short-period variability in J1112. (It also remains possible that the 134.3 s
periodicity is a radial fundamental mode for the star.)
4.7.4 Conclusions
We have discovered the first five pulsating ELM WDs, which are both the
coolest and lowest-mass WDs known to pulsate. These objects offer, for the first
time, an opportunity to explore the interior of a putative He-core WD using aster-
oseismology.
Asteroseismology of ELMWDs will help constrain the thickness of the sur-
face hydrogen layers in these low-massWDs. There are several millisecond pulsars
with ELMWD companions, and the cooling ages of such companions can be used
to calibrate the spin-down ages of these pulsars. However, current evolutionary
models for ELM WDs are relatively unconstrained. For masses M > 0.18 M,
diffusion-induced hydrogen-shell flashes take place, which yield small hydrogen
envelopes (Althaus et al. 2001, Panei et al. 2007, Kilic et al. 2010). The models with
M ≤ 0.17 M do not experience thermonuclear flashes. As a result, they have
massive hydrogen envelopes, larger radii, lower surface gravities, and they are
predicted to evolve much more slowly compared to more massive WDs. If enough
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modes are excited to observability, we hope to directly constrain the hydrogen layer
mass.
A plethora of excited modes would also allow for measuring the mean pe-
riod spacing, which is a sensitive function of themass of the star, and is also slightly
dependent on the core mass fraction. The models of Steinfadt et al. (2010a) found
a mean period spacing of ∼ 89 s for ` = 1 g-modes of a 0.17M ELMWD, about a
factor of two larger than the observed 47 ± 12 s period spacing for ` = 1 g-modes
in the cool C/O-core counterpart G29-38 (Kleinman et al. 1998).
We do expect these non-radial pulsators to bemulti-periodic even if just one
pulsation mode and its non-linear harmonics are amplified to observability: three
of them are in relatively close binaries with an unseen companion. This compan-
ion will influence the light curve in many ways (see Chapter 2). The companion
may induce a relatively low-amplitude Doppler beaming signal at the orbital pe-
riod given the primary’s effective temperature and the radial-velocity amplitude
(Shporer et al. 2010). The companion may also induce tidal distortions on the pri-
mary, depending on the radius of the ELM WD, as seen in many other ELM WDs
(Kilic et al. 2011c, Brown et al. 2011c, Hermes et al. 2012c).
The companion’s effect on the rotation period is perhaps more significant.
For example, the ∼ 1.7 Gyr cooling age of J1840 (Panei et al. 2007) may be longer
than the synchronization timescale for such a short-period, 4.6-hr binary (e.g., Claret
et al. 1995). If so, and the ELM WD is rotating at the orbital period of 4.6 hr, then
non-radial pulsations will be subsequently subject to rotational splittings deter-
mined by their modal degree. For example, if the 225 µHz mode is an ` = 1mode,
a 4.6 hr rotation rate would cause it to be split by about 30 µHz, assuming solid-
body rotation (Unno et al. 1989). However, synchronization is not a guarantee:
Recent Kepler observations of a close sdB+dM binary found the primary rotating
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much slower than the ∼ 9.5 hr orbital period (Pablo et al. 2012). An analysis of the
rotational splittings in the pulsations of J1840 will test tidal synchronization in this
system, thereby probing the rigidness of this ELMWD.
We also hope to use the nonlinearities in the light curve of two of these ELM
WDs, J1840 and J1518, to constrain the size of the convection zone of this WD (e.g.,
Montgomery 2005, Montgomery et al. 2010). Since ELMWDs exist in a completely
new regime of parameter space than do typical C/O core WDs, this analysis will
provide important independent constraints on the structure of their outer layers,
as well as providing a measure of the convective efficiency in this new regime.
We note, finally, that the driving mechanism for pulsations is not com-
pletely settled for these objects. It is natural to assume that the same mechanism of
convective driving that operates in the C/O-core DAVs (Brickhill 1991, Wu 1998,
Goldreich &Wu 1999) is also responsible for the pulsations of low-mass WDs. This
mechanism is based on the assumption that the convective turnover timescale for a
fluid element, tto, is much smaller than the oscillation periods,Πi. For the log g ∼ 8
DAVs, tto ∼ 0.1–1 sec and Πi ∼ 100–1000 sec, so tto  Πi is satisfied.
To estimate how this timescale scales with g we note that tto ∼ l/v, where l
is the mixing length and v is the velocity of the convective fluid elements. Employ-
ing a simplified version of mixing length theory (ignoring radiative losses) we find
that v ∝ (gF/ρ)1/3, where F is the stellar flux and ρ is the mass density at the base
of the star’s surface convection zone (Mihalas 1978). Taking the mixing length as a
factor of order one times a pressure scale height, we find l ∼ c2s/g ∝ T/g. Putting
these results together we find tto ∝ T (ρ/F )1/3g−4/3 ∼ g−4/3. Thus, a log g ∼ 6
object would have tto ∼ 50–500 sec. In order for convective driving to operate,
Πi  tto is required. Perhaps this is at least a partial explanation for the very long
period (> 4000 s) seen in this pulsator. It may also set a lower limit to periods in
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this DAV of ∼ 500–1000 s, although more detailed models will be needed to con-
firm this. Another potential source of driving is the  mechanism, i.e., driving due
to the modulation of H burning in the envelope. However, the timescale for such
a mechanism is probably too short to explain the observed photometric variability
(Van Grootel et al. 2013).
We hope that a multi-site, globally coordinated Whole Earth Telescope run
on J1518 (e.g. Nather et al. 1990), carried out in 2013 April and May but too late for
inclusion in this dissertation, will shed considerable light on these pulsating ELM
WDs.
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Table 4.8. Journal of photometric observations.
Run UT Date Length Seeing Exp.
(hr) (′′) (s)
SDSS J1840+6423
A2490 2011 Oct 25 3.4 1.6 15
A2494 2011 Oct 26 0.9 1.4 15
A2498 2011 Oct 27 1.4 1.6 15
A2643 2012 Apr 14 0.7 2.0 15
A2654 2012 Apr 18 3.1 1.8 15
A2657 2012 Apr 19 3.0 1.8 15
A2683 2012 Jun 17 4.4 1.6 15
A2685 2012 Jun 18 5.0 1.7 15
A2687 2012 Jun 19 4.3 2.1 15
A2696 2012 Jun 23 3.6 1.9 15
A2704 2012 Jul 12 0.7 1.1 15
A2706 2012 Jul 13 2.5 1.4 15
Overall 33.0 1.7
SDSS J1112+1117
A2568 2012 Jan 21 1.9 3.3 5
A2571 2012 Jan 22 1.3 2.2 10
A2574 2012 Jan 23 0.8 2.0 5
A2577 2012 Jan 24 2.2 1.3 10
A2578 2012 Jan 25 2.5 3.4 10
A2581 2012 Jan 27 6.5 3.0 5
A2586 2012 Jan 29 2.6 1.7 5
A2588 2012 Jan 30 3.2 2.0 5
A2590 2012 Jan 31 3.0 1.2 5
A2594 2012 Feb 1 3.5 2.1 5
A2597 2012 Feb 2 2.6 1.9 10
A2600 2012 Feb 3 2.8 1.5 5
A2605 2012 Feb 15 3.9 1.6 10
A2607 2012 Feb 16 2.4 1.8 10
A2611 2012 Feb 19 5.0 2.1 10
A2614 2012 Feb 20 2.9 1.8 10
A2616 2012 Mar 12 2.4 2.4 5
A2618 2012 Mar 13 2.9 1.4 10
A2621 2012 Mar 14 3.6 1.4 10
A2638 2012 Mar 17 3.1 2.5 10
A2641 2012 Apr 14 1.9 3.3 5
A2656 2012 Apr 19 3.7 2.0 5
A2659 2012 Apr 20 2.2 1.5 5
A2662 2012 Apr 21 1.7 1.3 5
A2675 2012 Apr 24 1.7 1.1 5
Overall 70.2 2.0
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Table 4.8—Continued
Run UT Date Length Seeing Exp.
(hr) (′′) (s)
SDSS J1518+0658
A2626 2012 Mar 15 0.7 3.3 5
A2634 2012 Mar 16 2.2 2.2 10
A2639 2012 Mar 17 3.4 3.4 10
A2647 2012 Apr 16 4.9 1.7 5
A2650 2012 Apr 17 1.7 2.0 5
A2660 2012 Apr 20 1.7 1.2 5
A2664 2012 Apr 21 3.9 1.9 10
A2673 2012 Apr 23 0.7 1.5 5
A2676 2012 Apr 24 0.4 1.6 10
A2684 2012 Jun 18 2.7 2.1 10
A2686 2012 Jun 19 2.9 1.8 10
A2688 2012 Jun 20 2.3 2.4 5
A2705 2012 Jul 13 3.1 1.3 5
Overall 32.2 2.0
SDSS J1614+1912
A2690 2012 Jun 21 2.6 1.7 5
A2692 2012 Jun 22 2.0 1.8 5
A2695 2012 Jun 23 3.7 1.2 5
A2697 2012 Jun 24 3.5 1.4 5
A2699 2012 Jun 25 3.6 1.3 5
Overall 15.4 1.5
SDSS J2228+3623
A2521 2011 Nov 28 3.5 1.5 10
A2524 2011 Nov 29 1.6 2.5 10
A2528 2011 Nov 30 1.9 2.2 10
A2707 2012 Jul 13 2.3 1.1 5
A2710 2012 Sep 17 2.8 2.4 10
A2719 2012 Sep 20 6.4 1.6 15
A2721 2012 Sep 21 7.4 1.4 10
Overall 25.9 1.8
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Chapter 5
Discovery of an Ultramassive Pulsating White Dwarf
We announce the discovery of the most massive pulsating DA (hydrogen-
atmosphere) white dwarf (WD) ever discovered, GD 518. Model atmosphere fits
to the optical spectrum of this star show it is a 12,030 ± 210 K WD with a log g
= 9.08 ± 0.06, which corresponds to a mass of 1.20 ± 0.03 M. Stellar evolu-
tion models indicate that the progenitor of such a high-mass WD endured a sta-
ble carbon-burning phase, producing an oxygen-neon-core WD. The discovery of
pulsations in GD 518 thus offers the first opportunity to probe the interior of a WD
with a possible oxygen-neon core. Such a massive WD should also be significantly
crystallized at this temperature. The star exhibits multi-periodic luminosity vari-
ations at timescales ranging from roughly 425 − 595 s and amplitudes up to 0.7%,
consistent in period and amplitude with the observed variability of typical ZZ Ceti
stars, which exhibit non-radial g-mode pulsations driven by a hydrogen partial
ionization zone. Successfully unraveling both the total mass and core composition
of GD 518 provides a unique opportunity to investigate intermediate-mass stellar
evolution, and can possibly place an upper limit to the mass of a carbon-oxygen-
core WD, which in turn constrains SNe Ia progenitor systems.1
1Significant portions of this chapter have been previously published as: J. J. Hermes, S. O. Kepler, Barbara
G. Castanheira, A. Gianninas, D. E. Winget, M. H. Montgomery, Warren R. Brown, and Samuel T.
Harrold, The Astrophysical Journal, 771, L2 (2013)
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5.1 Introduction
White dwarf (WD) stars are stellar remnants composed almost entirely of
the inert byproducts of previous nuclear reactions; they are the burnt-out cores of
stars with initial masses below about 8.0±1.5M (Smartt et al. 2009, Williams et al.
2009).
The majority of WDs have an overall mass near∼0.6M (Falcon et al. 2010,
Tremblay et al. 2011, Kleinman et al. 2013). WDs near this canonical mass are ex-
pected to harbor remnant carbon-oxygen (CO) cores after core hydrogen burning
and subsequent helium burning. However, an isolated progenitor star with an ini-
tial mass larger than about 7M will reach sufficiently high temperature to achieve
stable carbon burning, and may possibly end up as an ultramassive WD with an
oxygen-neon (ONe) or oxygen-neon-magnesium (ONeMg) core, if the progenitor
had insufficient conditions to start further nuclear burning and detonate as a Type
II supernova (Nomoto 1984).
Garcia-Berro et al. (1997) found that a 9 M progenitor model undergoes
repeated carbon-burning shell flashes when its core exceeds ∼1.05 M, ultimately
ending up as a WD with an ONe core, although rotation may also play a role in
the outcome of an intermediate-mass progenitor (Dominguez et al. 1996). We note
that there are other possible formation channels for ultramassive WDs, most im-
portantly binary evolution, specifically the merger of double-degenerate systems
(Segretain et al. 1997, Marsh et al. 1997, Liebert et al. 2005, Garcı´a-Berro et al. 2012).
A handful of ultramassive WDs (≥ 1.2 M) have been found in nature.
Vennes & Kawka (2008) have reviewed the evidence for ultramassive WDs and
find much of it compelling. However, since we cannot see below the photosphere
of these WDs, our understanding of their interiors is essentially superficial.
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Direct evidence that ultramassiveWDs harbor ONe cores comes fromheavy
isotope anomalies found in classical novae, which match predicted abundances
from explosive nucleosynthesis on massive WDs with ONeMg cores (Gehrz et al.
1998). Additionally, two oxygen-rich WDs were recently discovered in the Sloan
Digital Sky Survey (Ga¨nsicke et al. 2010). These WDs are likely exposed ONe
cores, as the observed O/C abundance ratio indicates a very low overall carbon
mass fraction, a prediction for some of the most massive progenitors avoiding core
collapse (Iben et al. 1997).
A more direct test of ultramassive WD core composition would be to find
a massive WD undergoing pulsations. Asteroseismology offers the unique oppor-
tunity to use these pulsations to probe below the photosphere and into the interior
of stars, and has had numerous successful applications with WDs (see reviews by
Winget & Kepler 2008, Fontaine & Brassard 2008, Althaus et al. 2010). We have thus
engaged in a search for pulsations in massive WDs in or near the DAV (or ZZ Ceti)
instability strip, a region for which WDs with hydrogen-dominated atmospheres
have the appropriate temperature to develop a hydrogen partial ionization zone,
which in turn drives global pulsations. That search has already yielded multiple
new massive DAVs (Kepler et al. 2012, Castanheira et al. 2013) after the 1.1 M
BPM 37093 discovered by Kanaan et al. (1992).
Here we report a new success in that search: The discovery of the most
massive pulsating WD known, GD 518. Model fits to the optical spectrum first
reported by Gianninas et al. (2011) show this is a Teff = 12,030 ± 210 K WD with
log g = 9.08± 0.06, which would correspond to a mass of 1.20± 0.03M using the
ONe WDmodels of Althaus et al. (2005) or a mass of 1.23 ± 0.02M using the CO
WDmodels of Wood (1995).
In this paper we present our discovery of pulsations in GD 518. In Sec-
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tions 5.2 and 5.3 we outline our observations and analysis. We conclude with a
discussion of the impact of this finding in Section 5.4.
5.2 Observations
We targeted GD 518 (WD J165915.11+661033.3) as a candidate ultramassive
pulsating white dwarf based on model atmosphere fits to its optical spectrum. The
object was first classified in Gianninas et al. (2011). Evolutionary models by Al-
thaus et al. (2007) suggest that such a WD has a cooling age of roughly 1.7 Gyr and
an absolute V -band magnitude of 13.6 mag, which indicates that GD 518 (g=17.2
mag) is roughly 53 pc from Earth.
We display the optical spectrum analyzed by Gianninas et al. (2011) in Fig-
ure 5.1. The spectrum was obtained in 2009 March using the 2.3 m telescope at
Steward Observatory, equipped with the Boller & Chivens spectrograph at a reso-
lution of ∼6 A˚ FWHM, covering a wavelength range from roughly 3700 − 5200 A˚.
A more detailed explanation of the observations, models, and fitting can be found
in Sections 2− 4 of Gianninas et al. (2011).
We obtained additional spectroscopy from the FLWO 1.5 m telescope in
2013 April using the FAST spectrograph (Fabricant et al. 1998). These observations,
four 20-min exposures at a resolution of 1.7 A˚ FWHM, cover a wavelength range
from 3600−5500 A˚. Using the samemodels and fittingmethod as in Gianninas et al.
(2011), we confirm that this WD has a very high surface gravity. Although this new
summed spectrum is much lower signal-to-noise (S/N∼15), our fits formally yield
Teff = 12,100± 370 K and log g = 9.00 ± 0.09, which agree with the previous deter-
mination within the stated uncertainties. We thus adopt the primary parameters
derived from the higher quality (S/N∼55) spectrum analyzed in Gianninas et al.
(2011), displayed in Figure 5.1.
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Figure 5.1 The individual Balmer line profiles (black) of GD 518. The lines range
from Hβ (bottom) to H8 (top), each offset by a factor of 0.2 in relative flux. The
model fits (red), first reported by Gianninas et al. (2011), derive the atmosphere
parameters and show this is a high-surface-gravity WD, with log g = 9.08 ± 0.06.
This corresponds to a mass of 1.20 ± 0.03M.
147
A 12,030 K temperature puts GD 518 inside an extrapolated empirical insta-
bility strip for DAVs of high mass (Castanheira et al. 2013). In fact, Gianninas et al.
(2011) noted that GD 518 was a “most intriguing” candidate to target for possible
pulsations.
We obtained time-series photometric observations of GD 518 at theMcDon-
ald Observatory over nine nights in 2013March, eight of them consecutive, and five
nights in 2013 April, for a total of more than 42.9 hr of coverage over 33 nights. A
full journal of observations can be found in Table 5.1. We used the Argos instru-
ment, a frame-transfer CCD mounted at the prime focus of the 2.1m Otto Struve
telescope (Nather & Mukadam 2004), to obtain 5− 10 s exposures on this g = 17.2
mag WD. The seeing averaged 2.0′′ and conditions were generally fair. Observa-
tions were obtained through a 3mm BG40 filter to reduce sky noise.
The raw science frameswere calibrated by dark subtraction and flat-fielding.
We performed weighted aperture photometry on the calibrated frames using the
external IRAF package ccd hsp written by Antonio Kanaan (the reduction method
is outlined in Kanaan et al. 2002). We divided the sky-subtracted light curves by the
sum of the three nearest brighter comparison stars in the field to correct for trans-
parency variations, and applied a timing correction to each observation to account
for themotion of the Earth around the barycenter of the solar system (Stumpff 1980,
Thompson & Mullally 2009).
The top panel of Figure 5.2 shows the light curve of GD 518 from 2013
March 16. A two-frequency solution to this 3.0-hr run finds variability at 441.36 ±
0.66 s (6.5± 0.4mma1) and 514.1 ± 2.4 s (2.5 ± 0.4mma).
The bottompanel of Figure 5.2 shows a Fourier transform (FT) for our entire
11 mma = 0.1% relative amplitude
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Figure 5.2 The top panel shows high-speed photometry of GD 518, this a portion
from 2013 March 16. The brightest comparison star is shown in blue, offset by−6%.
For both we have co-added the data by two points, slightly smoothing the light
curve. The bottom panel shows a Fourier transform of our entire data set to date,
some 29,985 points taken during more than 42.9 hr of observations in 2013 March
and 2013 April. We mark the 4〈A〉 reference, described in the text, as a dashed
green line.
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data set, some 29,985 points from more than 42.9 hr of observations in 2013 March
and 2013 April. We display the 4〈A〉 reference line, calculated from the average
amplitude, 〈A〉, of the FT of the entire dataset from 0 to 10,000 µHz.
5.3 Light Curve Analysis
The optical light curve of GD 518 shows low-amplitude but statistically sig-
nificant variability at multiple periods, ranging from roughly 425− 595 s, with am-
plitudes that can reach up to 0.7% over a single night of observations. This can be
seen by eye in the top panel of Figure 5.2, as well as in the FT of our entire data set
in the bottom panel of that same figure.
We have attempted to identify the periodicities present in the star, which
will form the basis for future asteroseismic modeling. Complicating our analysis,
however, is the fact that the amplitudes (and perhaps frequencies) of the observed
variability are not consistent from night-to-night. In fact, the FT for a few nights
had no significant peaks above 1.5 mma. We have included the period (P+) and
amplitude (A+) of the highest peaks for each night in Table 5.1.
There is thus some strong frequency and/or amplitude modulation occur-
ring in GD 518 acting on the timescale of days, perhaps caused by beating of closely
spaced periodicities or perhaps due to a physical mechanism in the star. We have
therefore broken up the data into different subsets of minimum length allowed by
the frequency splitting in the overall frequency solution: the first five nights (10
Mar 2013 – 14 Mar 2013), the second five nights (15 Mar 2013 – 19 Mar 2013), and
the final nine nights (4 Apr 2013 – 12 Apr 2013).
We present a frequency solution for each subset in Table 5.2. It was de-
termined by computing an FT, then a nonlinear least-squares fit on the frequency
with the highest amplitude, then prewhitening by that frequency until there are no
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peaks above a 4〈A〉 significance line, which came from the average amplitude of
an FT from 0 to 10,000 µHz of the unprewhitened data. We have included the 508
s periodicity in the solution for our first subset even though it is not above 4〈A〉,
based on its presence in other subsets. For more realistic estimates, the quoted
uncertainties in Table 5.2 are not formal least-squares uncertainties to the data but
rather the product of 1000 Monte Carlo simulations of perturbed data using the
software package Period04 (Lenz & Breger 2005).
We calculate the chance these detections are real by computing the False
Alarm Probability (FAP) using the formalism described in Kepler (1993). We find
that all periodicities in each subset have a FAP > 99.9% except for f2 in the first
subset, which has a FAP of 91.0%.
Computing a full frequency solution for our entire dataset, using the same
method as we have for each subset, yields 12 formally significant frequencies,
many of which are quite closely spaced (see the bottom panel of Table 5.2). Since
we observe large-scale amplitude changes over the course of days, we have chosen
not to adopt these 12 frequencies as a formal solution, because we cannot confirm
the coherence of each periodicity. Some frequencies may represent sampling ar-
tifacts or frequency drifting rather than truly excited modes in the star. Still, we
include these 12 frequencies in Table 5.2 since our full dataset allows us to detect
low-amplitude features that may be additional independent periods. Every peri-
odicity in the frequency solution for the entire dataset has a FAP > 99.9% except
for f6, which has a 99.8% FAP.
We calculate a more conservative overall frequency solution by fitting a
Lorentzian function to the three significant bands of power for the FT of each of the
three subsets, shown in Figure 5.3. We adopt the mean of the centroids, weighted
by their full width at half maximum, as the overall frequency solution in Table 5.2,
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Figure 5.3 Fourier transforms, in black, of the light curves of our first five nights
of data (top panel), our second five nights of data (middle panel) and our last
nine nights of data (bottom panel). The frequency solutions for each subset are
described in Table 5.2. In each case we also display in red the Fourier transform of
the residuals after pre-whitening by the significant frequencies. We mark the 4〈A〉
and 3〈A〉 significance lines as dashed green and blue lines, respectively. The verti-
cal gray lines show the 1σ uncertainties for the overall frequency solution adopted
in Table 5.2.
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with the uncertainty determined by the standard deviation of the three measure-
ments.
Figure 5.3 shows the Fourier analysis for each subset. We display the origi-
nal FT for that subset in black, overlaid with the FT prewhitened by the frequencies
marked as significant in Table 5.2. It is evident that the amplitudes of the variability
near 440 s and 513 s (2270 and 1949 µHz, respectively) change significantly, even
over the timescale of a few days.
5.4 Discussion and Conclusions
Wehave discovered pulsations in GD 518, which is to date themostmassive
pulsating WD known. This star has a mass of roughly 1.2M, derived from model
fits to its pressure-broadened Balmer lines. The object offers the best opportunity,
to date, to explore the interior of a possible ONe-core WD using asteroseismology.
Since our best current evidence on the high-mass nature of GD 518 rests
on its optical spectrum, we have been careful to ensure that this WD truly has high
surface gravity. Masses ofWDs derived from the spectroscopicmethod, as we have
here with GD 518, show an unphysical upturn in derived surface gravity for effec-
tive temperatures below 11,500 K (Koester et al. 2009, e.g.). However, the models
used to calculate the surface gravity of GD 518 include improved Stark broaden-
ing profiles with non-ideal gas effects, which have slightly moderated this upturn
(Tremblay et al. 2011, Kleinman et al. 2013). A full 3D treatment of convection for
a WD atmosphere near 12,000 K and log g = 9.0 shows that corrections to the 1D
models we have used for this spectroscopic analysis do not diverge by more than
0.1− 0.15 dex (Pier-Emmanuel Tremblay 2013, private communication). Addition-
ally, we do not observe evidence for splitting of the Balmer lines caused by a high
surface magnetic field, which can sometimes be confused as a high-surface-gravity
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WD (Kepler et al. 2013).
Fits to follow-up spectroscopy on GD 518 agree with the high surface grav-
ity first reported in Gianninas et al. (2011), which confirms a high-mass interpreta-
tion for this WD. Additionally, the star is in the footprint of the SDSS, andmatching
ugriz colors with synthetic models2 suggests this is an ultramassive WD (Holberg
& Bergeron 2006, Kowalski & Saumon 2006, Tremblay et al. 2011). Obtaining a
parallax distance to GD 518 will help settle its mass.
There is theoretical support to expect that it will be possible to distinguish
the core composition of a massive WD. Co´rsico et al. (2004) explored the adiabatic
pulsational properties of massive WDs and found several noticeable differences
between CO-core models and ONe-core models of a 1.05 M WD, the only mass
they calculated. Their ONe-core models were characterized by strong deviations in
their forward period spacing, and the mean period spacing for their ONe models
was noticeably larger than the mean period spacing for their CO-core modes. Ad-
ditionally, the pulsation modes in their ONe-core models had consistently lower
kinetic energies than those in the CO-core models.
However, the reason they found lower kinetic energies (and larger period
spacings) for pulsations in their ONe-core models is that those ONe-core models
were significantly more crystallized (> 90% by mass) at the same temperature,
11,810 K, than their CO-core models (∼50% by mass). Crystallization occurs when
the Coulomb energy between neighboring ions becomes more than two orders of
magnitude larger than the thermal energy of the ions in the WD core, and is a nat-
urally occurring stage of WDs as they cool (Salpeter 1961, D’Antona & Mazzitelli
1990). A 1.2 M WD should be significantly more crystallized at a similar tem-
2http://www.astro.umontreal.ca/˜ bergeron/CoolingModels
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perature than a 1.05 M WD. We expect that pulsation energy would be largely
excluded from the interior crystallized mass.
With less of the stellar material participating in the global pulsations, it is
conceivable that the oscillations have less mode inertia, and can vary on shorter
timescales relative to the pulsation periods. Indeed, we observe large amplitude
changes in this massive WD (see Figure 5.3), which may be a consequence of its
large crystallized mass fraction. This relatively short-term amplitude modulation,
especially in which pulsation amplitudes fall below detectability, has been seen
before in other massive pulsating WDs, notably BPM 37093 and SDSS J005047.60-
002316.9 (Kanaan et al. 2005, Castanheira et al. 2010). As the highest-mass pulsating
WD ever discovered, GD 518 will provide rich insight into the physics of crystal-
lization, as initiated by studies of BPM 37093 (Metcalfe et al. 2004).
However, the degeneracy in parameters caused by crystallization will pose
a significant challenge to finding a robust asteroseismic differentiation of the core
composition of GD 518. We expect to need a significant number of observed in-
dependent pulsation modes in order to overcome the many free parameters in our
asteroseismic fits. Still, we are encouraged by the number of independent peri-
ods we have already determined (at least three) with a relatively short, single-site
campaign.
It is possible that the three highest-amplitude periods we observe — at
440.2 ± 1.5 s, 513.2 ± 2.4 s, and 583.7 ± 1.5 s — are of the same spherical degree
(`), since they are spaced by roughly 73.0 s and 70.5 s, respectively. They are un-
likely consecutive radial orders. The 90% crystallized 1.15 M CO-core models of
Montgomery&Winget (1999) findmean period spacings for ` = 2modes of 15−25
s, depending on the hydrogen layer mass. Likewise, Co´rsico et al. (2004) expect pe-
riod spacings of roughly 20 s for ` = 2modes of a 1.05M ONe-core model. Period
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spacings for ` = 1modes should be
√
3 times longer.
Aside from the imprint the core chemical profile makes on the pulsation
spectrum, the core composition also affects the rate of cooling for a WD. This is a
consequence of the fact that the cooling time of a WD is inversely proportional to
the mean atomic weight of the ions in the core. In some cases we can directly mea-
sure this cooling rate by monitoring, long-term, the rate of period change of stable
pulsation modes in a DAV (e.g., Kepler et al. 2005, Mukadam et al. 2013). Measur-
ing the rate of period change of any coherent modes will allow another direct test
of core composition for this ultramassive WD, albeit a longer-term endeavor.
Successfully unraveling both the overall mass and the core composition of
GD 518 will constrain intermediate-mass stellar evolution. It also provides an op-
portunity to put an upper limit on the primary in a SNe Ia progenitor system,which
theory predicts is a CO-core WD, since an ONeMg-core WD is expected to collapse
due to electron capture before detonation as a Type Ia supernova (Nomoto 1984,
1987).
156
Table 5.1. Journal of photometric observations.
UT Date Length Seeing Exp. P+[A+]
(hr) (′′) (s) (s)[(mma)]
2013 Mar 10 3.1 3.9 10 437.6[4.9]
2013 Mar 12 3.0 2.2 5 437.6[2.0]
2013 Mar 13 3.0 1.7 5 418.4[1.8]
2013 Mar 14 2.3 1.4 5 438.0[4.3]
2013 Mar 15 2.5 1.7 5 441.0[3.8]
2013 Mar 16 3.0 1.8 5 441.4[6.5]
2013 Mar 17 3.4 1.9 5 439.9[6.2]
2013 Mar 18 3.5 2.2 5 438.5[4.6]
2013 Mar 19 2.9 1.5 5 437.0[4.1]
2013 Apr 4 3.6 1.8 5 440.0[5.4]
2013 Apr 6 4.4 2.0 5 441.1[3.7]
2013 Apr 7 3.1 1.4 5 524.2[1.6]
2013 Apr 9 2.6 2.5 5 519.1[3.6]
2013 Apr 12 2.9 1.7 5 514.2[4.3]
157
Table 5.2. Frequency solution for GD 518
ID Period Frequency Amplitude
(s) (µHz) (mma)
Overall Frequency Solution
f1 440.2 ± 1.5 2271.7 ± 7.6
f2 513.2 ± 2.4 1948.6 ± 9.2
f3 583.7 ± 1.5 1713.3 ± 4.5
Using First Five Nights (10 Mar – 14 Mar)
f1a 438.47 ± 0.64 2280.7 ± 3.3 2.92 ± 0.44
f1b 438.098 ± 0.057 2282.59 ± 0.30 2.24 ± 0.48
f2 508.2 ± 1.5 1967.9 ± 5.9 1.30 ± 0.29
Using Second Five Nights (15 Mar – 19 Mar)
f1a 439.6 ± 4.5 2275 ± 24 4.05 ± 0.57
f1b 438.89 ± 0.16 2278.45 ± 0.82 2.57 ± 0.24
f1c 440.26 ± 0.25 2271.4 ± 1.3 2.42 ± 0.39
f2a 511.3 ± 2.9 1956 ± 11 2.0 ± 1.3
f2b 509.405 ± 0.099 1963.08 ± 0.38 1.8 ± 1.6
f3 518.99 ± 0.14 1926.82 ± 0.52 1.49 ± 0.37
f4 592 ± 33 1690 ± 95 1.24 ± 0.49
Using Last Nine Nights (4 Apr – 12 Apr)
f1 519.238 ± 0.043 1925.90 ± 0.16 2.51 ± 0.48
f2a 441.244 ± 0.046 2266.32 ± 0.23 2.38 ± 0.41
f2b 440.156 ± 0.062 2271.92 ± 0.32 2.12 ± 0.40
f3 512.6 ± 5.3 1951 ± 20 1.63 ± 0.47
Using All Data (10 Mar – 12 Apr)
f1a 442.12 ± 0.42 2261.8 ± 2.1 2.38 ± 0.73
f1b 441.15 ± 0.17 2266.81 ± 0.88 2.36 ± 0.72
f1c 439.5 ± 1.4 2275.5 ± 7.3 1.94 ± 0.53
f2 519.2 ± 1.8 1925.9 ± 6.7 1.55 ± 0.59
f1d 440.59 ± 0.47 2269.7 ± 2.4 1.21 ± 0.52
f3a 511.455 ± 0.009 1955.207 ± 0.035 1.21 ± 0.26
f3b 510.824 ± 0.008 1957.622 ± 0.032 1.13 ± 0.18
f1e 437.79 ± 0.13 2284.20 ± 0.67 1.13 ± 0.46
f4a 503.800 ± 0.010 1984.914 ± 0.040 0.95 ± 0.23
f4b 501.44 ± 0.50 1994.3 ± 2.0 0.93 ± 0.24
f5 426.71 ± 0.86 2343.5 ± 4.7 0.81 ± 0.34
f6 587.25 ± 0.96 1702.8 ± 2.8 0.78 ± 0.24
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Chapter 6
A New Timescale for Period Change in the Pulsating DA
White Dwarf WD 0111+0018
We report the most rapid rate of period change measured to date for a pul-
sating DA (hydrogen atmosphere) white dwarf (WD), observed in the 292.9 s mode
of WD 0111+0018. The observed period change, faster than 10−12 s s−1, exceeds by
more than two orders of magnitude the expected rate from cooling alone for this
class of slow and simply evolving pulsating WDs. This result indicates the pres-
ence of an additional timescale for period evolution in these pulsating objects. We
also measure the rates of period change of nonlinear combination frequencies and
show that they share the evolutionary characteristics of their parent modes, con-
firming that these combination frequencies are not independent modes but rather
artifacts of some nonlinear distortion in the outer layers of the star.1
6.1 Introduction
White dwarf (WD) stars represent the final evolutionary stage of all single
low-mass stars, and are thus representative of the future of the majority of stars in
our Galaxy. They are primarily composed of the inert by-products of hydrogen and
helium fusion, and their evolution is dictated by the rate at which these carbon and
oxygen ions lose their residual thermal energy (Mestel 1952). This cooling takes
1Significant portions of this chapter have been previously published as: J. J. Hermes, M. H. Montgomery,
Fergal Mullally, D. E. Winget, and A. Bischoff-Kim, The Astrophysical Journal, 766, 42 (2013)
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billions of years.
However, we canwitness this cooling on human timescales bywatching the
WDs that pulsate. These variable stars come in several classes, based on their domi-
nant atmospheric composition (their strong surface gravity and rapid gravitational
settling leads to chemically homogenous photospheres). Here we will restrict our
discussion to the coolest class of such pulsators: the hydrogen-atmosphere DAV
(or ZZ Ceti ) stars, found in an instability strip between 10,800− 12,300 K for stan-
dard log g = 8.0 (Koester &Holberg 2001, Bergeron et al. 2004, Mukadam et al. 2004,
Gianninas et al. 2005, 2006, Mukadam et al. 2006).
Aside from their variability, which is brought on by a hydrogen partial-
ionization zone in the star’s non-degenerate atmosphere, DAVs appear to be nor-
mal WDs. They are therefore believed to be representative of evolution for all DA
WDs (Robinson 1979, Fontaine et al. 1985, Bergeron et al. 2004). Cooling from neu-
trino emission is expected to be negligible for DAWDs within the ZZ Ceti instabil-
ity strip (Winget et al. 2004), and their evolution should be dominated by radiative
surface emission.
The C/O-core DAVs undergomulti-periodic, non-radial g-mode pulsations
with periods between roughly 100− 1400 s. Seismology using these g-mode pulsa-
tions has enabled us to constrain themass, core and envelope composition, rotation
rate, and the behavior of convection in these objects (see reviews by Winget & Ke-
pler 2008, Fontaine & Brassard 2008 and Althaus et al. 2010). Thesemodes are often
stable in period and amplitude, especially for the hot DAVs (hDAVs) near the blue-
edge of the ZZ Ceti instability strip. hDAVs are expected to show an extremely
slow period drift caused by the gradual cooling of the star.
Two of the longest-studied hDAVs are G117-B15A and ZZ Ceti itself (also
referred to as R548), which have been observed since the early 1970s. Both show
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considerable stability in their largest-amplitude modes. The rate of change of pe-
riod with time, dP/dt, of the dominant 215.2 s mode in G117-B15A has been mea-
sured to be (4.19± 0.73)× 10−15 s s−1 (Kepler 2012). R548 has been observed since
1970, but more sparingly: For the 213.1 s periodicity in R548, Mukadam et al. (2013)
determine a dP/dt = (3.3 ± 1.1) × 10−15 s s−1. These values have taken decades of
observations, and are in line with theoretical predictions of rates of period change
from cooling alone in DAVs of dP/dt < 10−14 s s−1 (Bradley et al. 1992, Bischoff-
Kim et al. 2008, Co´rsico et al. 2012a).
After more than nine years of monitoring, we have found evidence for an
hDAV that has a rate of period change inconsistent with cooling alone. The period
change in the highest-amplitude periodicity for that star, SDSS J011100.63+001807.2
(hereafter WD 0111+0018; g =18.7 mag), exceeds 10−12 s s−1. This observed rate
of change of period with time is several orders of magnitude faster than predicted
from cooling alone for this 11810 KWD. It therefore signifies some physical process
operating on a considerably shorter timescale.
In this paper we present our observations of period evolution in the four
highest-amplitude periodicities present in WD 0111+0018. In Sections 2 and 3 we
outline our observations and analysis, and we reserve Sections 4 and 5 for a dis-
cussion of possible explanations for this rapid period change and our conclusions.
6.2 Time-Series Photometric Observations
Mukadam et al. (2004) discovered pulsations in WD 0111+0018, resulting
from a search for variable DAs. The WD was initially targeted as a result of model
atmosphere fits to spectra from the Sloan Digital Sky Survey: with Teff = 11,510 ±
110 K and log g = 8.26 ± 0.06, the object was predicted and confirmed to be a DAV
within the ZZ Ceti instability strip.
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Using new treatments of line broadening theory, Tremblay et al. (2011) re-
fined the temperature and surface gravity of WD 0111+0018 to Teff = 11,810 ± 190
K and log g = 8.17 ± 0.07, which corresponds to a mass ofMWD = 0.71 ± 0.04 M
and a cooling age of 510 Myr.
Including the initial discovery observations in early 2003, the White Dwarf
Group at the University of Texas at Austin has logged a total of more than 136 hr
of observations of WD 0111+0018 on 39 separate nights. As the journal of obser-
vations in Table 6.2 indicates, the data span more than nine years. One motivation
for these observations was to use the stable pulsation modes of hDAVs as precise
clocks, searching for evidence of planetary companions by looking for periodic
variations in the pulse arrival times (Winget et al. 2003, Mullally et al. 2008). The
project has also effectively opened a window on new evolutionary timescales for
more than a dozen hDAVs, including WD 0111+0018.
All of our data on WD 0111+0018, more than 33,100 images, have been
taken using the same instrument (Argos, a frame-transfer CCD; seeNather&Mukadam
2004) with the same filter (a 3 mm BG40, to reduce sky noise) on the same telescope
(the 2.1m Otto Struve at McDonald Observatory), allowing for an especially coher-
ent data set. Depending on the conditions, we have used 10 − 30 s exposures, as
indicated in Table 6.2.
The raw science frames are calibrated by dark subtraction and flat-fielding.
We perform weighted, circular, aperture photometry on the calibrated frames us-
ing the external IRAF package ccd hsp written by Antonio Kanaan (the reduction
method is outlined in Kanaan et al. 2002 and Mullally et al. 2005). We divided
the sky-subtracted light curves using two bright comparison stars in the field,
SDSS J011055.57+001850.6 (g = 15.0 mag) and SDSS J011056.17+001955.8 (g =
16.2 mag), to correct for transparency variations. Using the WQED software suite
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Table 6.1. Mode periods and observed rates of period change in WD 0111+0018
Mode t0 P0 Amplitude dP/dt
(BJDTDB) (s) (%) (10
−12 s s−1)
f1 2452666.562825(21) 292.944305(9) 2.573 4.280(42)
f2 2452666.562314(31) 255.663971(2) 1.428 0.340(58)
2f1 2452666.562701(42) 146.472153(3) 0.633 2.075(44)
f1 + f2 2452666.562624(29) 136.518707(5) 0.730 1.109(30)
(Thompson&Mullally 2009), we fit and subtract out a low-order polynomial (at the
timescale of several hours) to each run to remove any long-term trend caused by at-
mospheric extinction, and apply a timing correction to each observation to account
for the motion of the Earth around the barycenter of the solar system (Stumpff
1980).
6.3 Light Curve Analysis
6.3.1 The Pulsation Spectrum of WD 0111+0018
The light curve of WD 0111+0018 features modulation at four distinct pe-
riodicities between 100 − 300 s, which can be well-resolved in a 3-hr run in good
conditions (see Figure 6.1). In order to most accurately identify these four periods,
we begin by computing a Fourier transform of our entire data set. Using these
results as an initial guess, we then perform a nonlinear least-squares fit for the fre-
quency, amplitude, and phase of the four periodicities present.
This allows us to isolate an initial estimate of the periods of the four highest-
amplitude pulsations present in WD 0111+0018, which we use to construct an ini-
tial (O − C) diagram. The amplitudes for these four periodicities never fall below
0.5%; the amplitudes listed in Table 6.1 are weighted-mean amplitudes using each
subgroup.
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Figure 6.1 The pulsation spectrumofWD 0111+0018 for a typical run, this on 15 Sep
2009. A Fourier transform of this 5.5-hr run illustrates that the four periodicities of
interest, seen marked, can be resolved in a single night.
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We perform this analysis independently for all 18 subgroups of our data.
The subgroups are created by combining data from as many contiguous nights as
possible; no combined subgroup spans more than two weeks. These subgroups
have been identified in Table 6.2. In each case, the periods we determine for each
subgroup match the periods we have found for the entire data set, within the un-
certainties.
We fix these periods and compute a simultaneous linear least-squares fit for
each subgroup to create an (O−C) diagram. Thus, the uncertainties in our (O−C)
diagrams represent formal uncertainties on the least-squares fit for the phase on at
least one—and as many as three—nights of data, separated by as many as 10 days.
Wewill refer to the two highest-amplitude periodicities as the parentmodes
f1 and f2, and the two smaller-amplitude periodicities 2f1 and f1 + f2 as the com-
bination frequencies, such that the frequency for 2f1 is (within the uncertainty)
exactly twice the frequency of f1 and the frequency for f1+ f2 is the sum of the fre-
quencies of f1 and f2. We will discuss in more detail these combination frequencies
and how they arise in Section 6.4.1.
Additionally, we note the presence of an additional combination frequency
2f2 at 127.8 s, visible but not labeled in Figure 6.1. In fact, we detect at least five
additional nonlinear combination frequencies. Using all of our light curves from
2009 to early 2012 to detect as many combination frequencies as possible, we find:
f1 = 2.739(29)%, f2 = 1.526(31)%, 2f1 = 0.472(27)%, f1 + f2 = 0.732(28)%, 2f2 =
0.193(25)%, 3f1 = 0.143(44)%, 2f1+ f2 = 0.295(98)%, f1+2f2 = 0.147(44)%, 3f2 =
0.068(28)%. However, the amplitudes of most of the combination frequencies are
too low to produce an (O − C) diagram for all subgroups, so we do not include
them in the (O − C) analysis.
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Figure 6.2 (O − C) diagrams for the four highest-amplitude periodicities present
in WD 0111+0018. The f1 and 2f1 (O − C) diagrams are nearly identical, which
strongly suggests that nonlinear combination frequencies in DAVs are not inde-
pendent pulsation modes but are directly tied to their parent modes. A best-fit
parabola yields a rate of change of period with time: See Table 6.1 for full solu-
tions.
6.3.2 Constructing an (O − C)Diagram
We demonstrate a secular change in the pulsation periods ofWD 0111+0018
by constructing (O − C) diagrams, where we compare the observed time of max-
imum for a pulsation (O) to when we expect such a maximum assuming that the
pulsation obeys a constant period (C).
Following Kepler et al. (1991), if the pulsation period is changing slowly
with time, we can expand the observed time of maximum of the Eth pulse, tE , in a
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Taylor series around E0:
tmax |E = tmax |E0 +
dtmax
dE
|E0 (E − E0) +
1
2
d2tmax
dE2
|E0 (E − E0)2 + ...
where the epoch is E = t/P and the change in arrival time with epoch, dt/dE, is
the period, P . If we drop all terms higher than second order (assuming that P¨ is
negligible), we arrive at the classic (O − C) equation
O − C = ∆t0 + ∆P0E + 1
2
P0P˙E
2 (6.1)
where t0 is the time of first maximum, ∆t0 is the uncertainty in this time, P0 is the
pulsation period at this time of first maximum and∆P0 is the error in the observed
period. Thus, any secular change in the period, dP/dt, will cause a parabolic cur-
vature in an (O − C) diagram.
We construct an initial (O − C) diagram using the periods identified in
Section 6.3.1. We then iteratively adjust t0 and P0 by the zeroth- and first-order
terms from our best second-order fit until the adjustments are smaller than the
uncertainty in these terms; these uncertainties result from the covariance matrix.
Our recomputed, final (O − C) diagrams use these final ephemera and periods,
which can be found for each mode in Table 6.1. The final (O − C) diagrams are
shown in Figure 6.2. Table 6.3 presents the times of maximum from each subset of
our observations.
6.3.3 Observed Rates of Period Change
Mullally et al. (2008) published an (O−C) diagram of f1 in WD 0111+0018,
noting the large curvature but urging caution given the sparse coverage. Still, a
rather high rate of change of period with time was observed: (3.87 ± 0.43) × 10−12
s s−1.
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We have added another 86 hr of observations, more than doubling the cov-
erage, and confirm this large trend in the (O − C) diagram of f1. We have addi-
tionally been able to make (O − C) diagrams for three other periodicities. These
diagrams can be found in Figure 6.2.
Using Equation 2, a best-fit parabola to each (O − C) diagram yields a rate
of change of period with time. We list these results in Table 6.1. Our results for f1
actually fall within the errors of the Mullally et al. (2008) result, at (4.280± 0.042)×
10−12 s s−1 (or 0.135 ± 0.001 ms yr−1). We also strongly establish the need for a
second-order fit rather than a first-order fit to the 18 data points: The best second-
order fit for the (O − C) diagram of f1 has χ2 = 145 (15 degrees of freedom, or
d.o.f.), whereas the best linear fit has χ2 = 10292 (16 d.o.f.).
Although the (O−C) diagrams for WD 0111+0018 appear parabolic, as we
would expect if the pulsations periods were changing secularly, we would also like
to establish the timescale of variability if these observed trends are instead periodic
in nature, since a portion of a sinusoid can mimic a parabola. For f1 we find that
the data can be well fit by a sinusoid with a 101 year period and a 3931 s (O − C)
amplitude, with a χ2 = 142 (15 d.o.f.). However, wewill only continue our analysis
in the framework of a secular period change.
In the future, a third-order fit including the acceleration in the period change
may be needed to best represent the data. This would enter the (O − C) equation
as
O − C = ∆t0 + ∆P0E + 1
2
P0P˙E
2 +
1
6
(P¨P 20 + P˙
2P0)E
3
Currently, a third-order polynomial fit to the (O − C) diagram of f1 has χ2 = 143
(14 d.o.f.), which reduces to a value still slightly higher than that for a second-order
fit. The best third-order fit would correspond to P¨ = (−2.3 ± 1.4) × 10−21 s s−2,
with a second-order term corresponding to dP/dt = (4.65 ± 0.23) × 10−12 s s−1.
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We have also attempted a direct measurement of dP/dt by computing a
nonlinear least-squares fit to find the period for each subgroup. A best-fit line to
these periods over time yields a rate of change of period with time. Unfortunately,
there is simply not enough data for this direct measurement. The best result comes
for f1, where we determine dP/dt = (5.5 ± 6.8) × 10−12 s s−1, consistent with the
(O − C) value but not yet significant.
The other independent parent mode in WD 0111+0018, f2, shows a much
slower period change than f1. Still, it is significantly faster than predicted by cool-
ing theory, with a best-fit parabola that corresponds to (3.40 ± 0.58) × 10−13 s s−1
(or 0.011 ± 0.002 ms yr−1). In this case, a second-order fit is only marginally better
than a linear fit: The best-fit parabola has χ2 = 93.8 (15 d.o.f.), whereas the best-fit
straight line has χ2 = 128.7 (16 d.o.f.).
Noise can cause scatter about a straight line in an (O − C) diagram, espe-
cially over a relatively short baseline (e.g., Kepler et al. 1991). Since a bad period
can cause a dominant linear term, we caution that the rate of change of the f2 peri-
odicity may still be somewhat slower than the value cited in Table 6.1 if the period
we use for our (O − C) diagrams is off by as little as 0.06 ms. Therefore, we rec-
ommend that our value be construed as an upper limit on the rate of change of
period with time of f2. As with the other parent mode, we also investigated the
best periodic rather than secular fit, and found a sinusoid with a 9540 year period
and 3051490 s (O−C) amplitude, with a χ2 = 93.8 (15 d.o.f.). (If such a trend were
from an external companion, it would require a 10.8M unseen companion at 401
AU.)
A Monte Carlo simulation of the uncertainties using the software package
Period04 (Lenz & Breger 2005) indicates that our formal least-squares uncertainties
on the phases used to construct the (O−C) diagrams are underestimated by at most
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10%. Thus, the scatter about our residuals (evident by the large χ2red quoted above
for the second-order fits, e.g. χ2red = 9.7 for f1) may not be entirely the result of
underestimated uncertainties. The deviation about the residuals is consistent with
the observed scatter in other long-studied DAVs, such as G117-B15A (see Figure 2
of Kepler et al. 2005).
We have investigated the stability of the four highest-amplitude periodic-
ities in WD 0111+0018 by plotting the amplitudes of each determined by a linear
least-squares fit to each subgroup, using the periods in Table 6.1. This result is
shown in Figure 6.3. It is meaningful since all observations were obtained and re-
duced in an identical manner. We have also marked the weighted mean amplitude
for each mode with dotted lines.
There are considerable deviations about this mean compared to the formal
uncertainties, such that only the periodicity at 2f1 has a constant amplitude in a
statistically meaningful way. While the amplitudes of the f1 and f2 modes do not
appear constant over our entire data set, the deviations from the mean do not ap-
pear coherent, and cannot explain the large-scale parabolic changes we observe in
observed times-of-maxima.
Finally, in line with the original intentions of this data set, we have inves-
tigated whether periodic changes in the times of maxima can explain the scatter
observed about the residuals after subtracting the dominant parabolic terms. This
scatter might reveal the presence of an unseen companion. However, a Fourier
transform of all four (O − C) residuals, after subtracting the dominant parabolic
terms identified in Figure 6.2, show no peaks above twice the mean noise level of
1.5 s. We can thus conservatively rule out the presence of any companion more
massive than Jupiter at a current orbit between 2 − 10 AU; the scatter is predomi-
nantly incoherent and cannot currently be attributed to an unseen companion.
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Figure 6.3 The amplitude evolution of WD 0111+0018 over nine years of observa-
tions. The dotted lines represent the weightedmean amplitude over the entire data
set, shown in Table 6.1. While our data show that the amplitudes are not stable over
the entire data set, they rule out a large-scale amplitude increase as the cause of the
large trends in the (O −C) diagrams shown in Figure 6.2.
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6.4 Discussion
6.4.1 Nonlinear Combination Frequencies
Before focusing on the rapid rates of period change, we first draw atten-
tion to the observation that dP/dt for the 2f1 and f1 + f2 combination frequencies
evolve exactly in lockstep with their parent modes. For example, we expect the 2f1
combination frequency to have half the rate of change of period with time of its
parent mode, since 2f1 has half the period. We expect (2.140± 0.042)× 10−12 s s−1
and in fact observe (2.075 ± 0.044) × 10−12 s s−1, in excellent agreement.
The f1 + f2 combination frequency is a bit more complicated, given it is a
sum of the parent frequencies and not an integer ratio. We expect its rate of change
of period with time to be
dP3
dt
=
P 23
P 21
dP1
dt
+
P 23
P 22
dP2
dt
(6.2)
where P1 = f1
−1, P2 = f2
−1, and P3 = (f1+ f2)
−1. We thus expect a rate of (1.027±
0.099) × 10−12 s s−1 and in fact observe (1.109 ± 0.030) × 10−12 s s−1. As with 2f1,
our observed rates match the predictions exactly within the errors.
This lends convincing evidence that these nonlinear combination frequen-
cies are not independent modes themselves, but rather artifacts of some nonlinear
distortion in the outer layers of the star. They are thus directly tied to the parent
modes, and evolve at exactly the same rate as these parent modes. This is an im-
portant result that convincingly demonstrates the nonlinear nature of these signals.
In fact, an extensive theory explaining the creation of nonlinear combina-
tion frequencies in DAVs was introduced by Brickhill (1992). He attributed the
nonlinearities to the changing thickness of the star’s convection zone, which acts
to distort a linear input signal. Physically, local surface temperature variations
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lead to changes in the depth of the convection zone, which both absorb and re-
lease energy. Because this process is so sensitive to temperature (∝ T−90 for a DAV;
Montgomery 2005), these variations in the depth of the convection zone lead to
nonlinear effects in the observed light curve. An alternate explanation that may
play a role for the hottest DAVs is given by Brassard et al. (1995) and Fontaine &
Brassard (2008). They invoke the nonlinear response of the flux observed in a pass-
band to the temperature (i.e., the “T 4” nonlinearity). Regardless of the source of
these nonlinearities, our result confirms that the phase evolution of these combina-
tion frequencies mirrors that of their parent modes. These combination frequencies
are thus directly tied to their parent modes.
The presence of nonlinear combination frequencies may also be useful in
identifying the spherical degree (`) and azimuthal order (m) of the parent modes.
In an investigation of eight DAVs, Yeates et al. (2005) found that the amplitudes of
combination frequencies are too large to be created by the T 4 nonlinearity, and are
probably due to the higher-order temperature dependence of the convection zone.
They employed the formalism of Wu (2001), who derived an analytical expression
for the amplitudes of the combination frequencies in the context of the Brickhill
framework of a depth-varying convection zone. Using the ratio of the amplitudes
of the parent and combination frequencies, Yeates et al. derived constraints on the
` andm value of the parent mode.
With the same goal in mind, we have used our own code to automati-
cally search for combinations of ` and m that best fit the observed amplitudes in
WD 0111+0018. This code uses a genetic algorithm to efficiently sample parameter
space; see §4.1 of Provencal et al. (2012) for more details. We run this algorithm
1000 times so that we obtain 1000 estimates of the best-fit parameters.
The method of Wu (2001) is only applicable to second-order combinations,
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Figure 6.4 A probability distribution of ` andm values for the best 7% of fits using
the amplitude ratio of the nonlinear combination frequencies to the parent modes,
a method similar to the one used in Yeates et al. (2005). The amplitude ratios for the
292.9 s mode, f1, are best explained by an ` = 1,m = 0mode (top two panels). The
amplitude ratios for the 255.7 s mode, f2, indicate this is an ` = 2 mode, although
there is more ambiguity about the azimuthal order of this mode (bottom panels).
i.e., 2f1 or f1 + f2 but not 3f1. Even with just three independent combination
amplitudes we are able to find constraints. Consistently, we best reproduce the
observed amplitude ratios (we have used the amplitudes of the 2009-2012 group,
provided in Section 6.3.1) when we allow the f1 parent mode at 292.9 s to be an
` = 1, m = 0 mode. We also find the f2 parent mode at 255.7 s to be an ` = 2,
m = 0,±1mode. This is shown in Figure 6.4, where we plot the distribution of the
top 7% of fits with the lowest χ2, interpreting this as a probability distribution for
the identifications.
In addition, we have implemented the convective nonlinear light curve fit-
ting code of Montgomery (2005) and Montgomery et al. (2010) to generate a syn-
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thetic light curve based on the parent modes inWD 0111+0018. This method inves-
tigates the time-averaged thermal response time of the convection zone, τc, which
relates to the mass and depth of the convection zone. In principle, it should be
superior to the perturbative method of Wu (2001) in that it makes use of all higher-
order amplitudes and their phases. These nonlinear fits produce estimates for the
` andm values of the parent modes, the time-averaged convective timescale τ0, the
temperature sensitivity exponentN , and the inclination of the pulsation axis to our
line of sight θ.
Fitting our light curves from the 2011b subgroup,we find an identical match
to our previous method. The 292.9 s mode is best represented by an ` = 1, m = 0
mode and the f2 parent mode at 255.7 s best fits as an ` = 2, m = ±1mode. Addi-
tionally, these fits find τ0 = 137.8 ± 11.8 s, N = −82.0 ± 3.6, and θ = 34.6 ± 2.5◦.
We thus adopt an interpretation that f1 is anm = 0 dipole (` = 1) mode and
f2 is a quadropole (` = 2) mode. The constraints on the azimuthal order of f2 are
less conclusive. We will use this information to help constrain our asteroseismic
models, which will in turn inform our attempts at understanding the observed
dP/dt.
6.4.2 Expected Rates of Period Change
We can immediately rule out the possibility that an unseen external body
is vigorously tugging WD 0111+0018 away from our line of sight, causing a light-
travel time effect that is manifest as the increasing delay in pulse arrival times:
Rapid space motion would affect all modes identically, and the periodic modula-
tion in the mode f2 is more than an order of magnitude slower than that of f1, as
we found in Section 6.3.3. We must be observing a phenomenon internal to the
WD.
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We expect cooling to be the dominant evolutionary effect of an isolated
DAV, and this cooling timescale should have a direct effect on the period evolution
of modes in a pulsating WD. To first order, as a WD cools it becomes more de-
generate. This causes a decrease in the square of the Brunt-Va¨isa¨la¨ frequency, N2.
The Brunt-Va¨isa¨la¨ frequency is essentially the oscillatory frequency of an adiabatic
fluid displacement in a convectively stable medium. In the limit of low tempera-
ture and complete degeneracy, where pressure does not depend on temperature, a
displaced fluid element would remain in pressure and density equilibrium with its
surroundings. It would stay put and thus have zero oscillatory motion — and thus
a zero N2. Thus, N2 decreases with increasing degeneracy, and therefore decreas-
ing temperature (see Kim 2007).
The period of a g-mode pulsation is inversely proportional to the Brunt-
Va¨isa¨la¨ frequency (Unno et al. 1989). Therefore, cooling will cause a secular in-
crease in a pulsation period with time, which can be estimated from the cooling
timescale predicted from Mestel theory, as well as full evolutionary models. Pre-
dicted rates of period change for DAVs undergoing simple cooling are of order
10−15 s s−1; we find observational evidence to support this timescale from observa-
tions of G117-B15A and R548 (Kepler 2012, Mukadam et al. 2013). The 215.2 s mode
in G117-B15A and the 213.1 s mode in R548 are most likely either an ` = 1, k = 1
mode or a ` = 1, k = 2 mode, depending on the adopted hydrogen layer mass
(Bischoff-Kim et al. 2008, Romero et al. 2012).
We note that the work of monitoring long-term phase evolution of DAVs re-
quires a mode coherent in amplitude and phase. This is usually not the case for the
cooler DAVs, which evidence strong amplitude modulation and a corresponding
lack of stability in phase (e.g. Kleinman et al. 1998, Dolez et al. 2006). One cool DAV
has, for at least a brief time, shown enough phase coherence to create a meaningful
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(O − C) diagram: The 615.2 s mode in G29-38 (Kleinman 1995), which showed a
coherent but extremely rapid phase change, more than 200 s over less than three
months of monitoring in 1988 (Winget et al. 1990). There is also evidence that the
274.8 s mode in R548 has a dP/dt > 10−13 s s−1 (Mukadam et al. 2003), and that the
270.5 s and 304.1 modes in G117-B15A have dP/dt > 3 × 10−14 s s−1 (Kepler et al.
2005). Still, most modes in DAVs observed to date simply do not show enough
coherence to create stable (O − C) diagrams.
WD stars with heavier cores should cool faster than those that are lighter.
Indeed, spectral fits show that WD 0111+0018, at ' 0.71M, is slightly more mas-
sive than G117-B15A and R548, which are between 0.59 – 0.60M. Still, even a 1.4
M Fe-core WD would have a dP/dt from cooling of less than 9× 10−15 s s−1 if the
WD has Teff = 11800 K (Bradley et al. 1992).
Our observed rate of change of period with time for f1 in WD 0111+0018
exceeds 10−12 s s−1, more than two orders of magnitude faster than predicted from
cooling alone. It is also more than an order of magnitude faster than expected from
an avoided crossing (Bradley & Winget 1991) or by invoking excess cooling from
exotic particles such as axions (Bischoff-Kim et al. 2008, Co´rsico et al. 2012a). We
thus interpret this discovery as evidence of an additional physical timescale acting
on the evolution of the pulsation periods in WD 0111+0018.
6.4.3 Asteroseismology of WD 0111+0018
Both the 292.9 s and 255.7 s modes of WD 0111+0018 likely probe different
regions of the star, so mode identification (specifically the radial order, k) would
yield further insight into understanding these anomalous rates of period change.
Unfortunately, asteroseismology is made more difficult by the presence of just two
independent modes; there are far more free parameters than observations.
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Still, we have attempted to match the observed periods to adiabatic pul-
sation models with some assumptions and the constraints provided by our spec-
troscopic mass and temperature determinations. Our two best matches to the ob-
served periods have the following properties:
Solution 1: f1 is an ` = 1, k = 5 mode (m = 0 occurs at 293.4 s), while f2
is an ` = 2, k = 8 mode (m = 0 occurs at 255.0 s). This WD model has a stellar
mass of 0.710 M, an effective temperature Teff = 11630 K, a He envelope mass of
MHe/M∗ = 10
−2.1, and a H envelope mass ofMH/M∗ = 10
−4.5.
Solution 2: f1 is an ` = 2, k = 10 mode (m = 0 occurs at 293.7 s), while f2
is an ` = 2, k = 8 mode (m = 0 occurs at 255.0 s). This WD model has a stellar
mass of 0.720 M, an effective temperature Teff = 11610 K, a He envelope mass of
MHe/M∗ = 10
−2.0, and a H envelope mass ofMH/M∗ = 10
−4.5.
Additionally, we can use our spectroscopic constraints to explore the mod-
els of Romero et al. (2012) of a 0.705 M, 11,810 K WD with a thick (10
−4.445
M?) hydrogen layer mass. Similarly, we find that the 292.9 s mode is either an
` = 2, k = 10 or ` = 1, k = 5 mode. The 255.7 s mode is either an ` = 2, k = 8
or ` = 1, k = 4 mode. We caution that because these solutions are consistent does
not imply they are correct — our assumptions may not indeed be valid. But these
solutions will help inform our analysis of what could be causing the rapid period
change in WD 0111+0018.
Using our spherical degree (`) identifications described in Section 6.4.1, we
can break the degeneracy in f1 and suggest that the 292.9 s periodicity represents
an ` = 1, k = 5 mode, while the the 255.7 s periodicity is an ` = 2, k = 8 mode.
In order to visualize how each such mode samples the star, we have included a
propagation diagram in Figure 6.5. We have marked where a ∼250 s and a ∼300 s
g-mode for different ` values would probe the star (where σ2 < N2, L2` ).
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Figure 6.5 A propagation diagram for a representative asteroseismic fit, a WD
model with stellar mass 0.710 M, an effective temperature Teff = 11630 K, a He
envelope mass of MHe/M∗ = 10
−2.1, and a H envelope mass of MH/M∗ = 10
−4.5.
The run of the Brunt-Va¨isa¨la¨ frequency is shown in blue. The run of the Lamb
(acoustic) frequency for an ` = 1 mode is shown as a dashed magenta line, while
the Lamb frequency for an ` = 2mode is shown as a solid black line. The horizon-
tal axis is in fractional mass units; the surface is to the far right, while the center is
to the far left. The base of the convection zone can be seen as the sharp drop in N2
around (1−Mr/M∗) ' 10−14.
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However, an evenmore informative display of how eachmode could probe
the star differently can be found in Figure 6.6. Here we plot, as a function of the
“normalized buoyancy radius” (see Montgomery et al. 2003), the weight functions
for N2 (see Equation 8c of Kawaler et al. 1985) for our best identifications of the
modes in WD 0111+0018. The weight function essentially shows where in the star
an excited pulsation is most resonant; it shows the sensitivity of a mode’s period to
changes in the equilibrium model.
Immediately evident from this exercise is that the majority of the energy of
the 292.9 s mode, f1, is located in the He layer or the region of the He-H transition.
Conversely, nearly all the energy of the 255.7 s mode, f2, is resonantmuch deeper in
the star, inside the C/O-He transition. This suggests that the 255.7 s mode energy
is predominantly resonant inside the core, while the 292.9 s mode samples signifi-
cantly more of the surface layers of the star. The 255.7 s mode would therefore be
much less sensitive to changes in the outer regions of the WD.
6.4.4 Additional Mechanisms for Rapid Period Change
Given the insensitivity of the 255.7 s mode to changes in the outer layer of
the star, one possibility for the new timescale represented by the fast rate of change
of period with time in WD 0111+0018 involves a change in the surface layers of
the star at a rate much faster than from cooling alone but much slower than the
timescales associated with the pulsations themselves. For instance, the depth of
the convection zone of the WD could change gradually, perhaps as a result of a
change in the global magnetic field of the WD. We have seen evidence for rapid
changes in the pulsation profile of WDs in the past: especially notable is the so-
called “sforzando” event seen in GD 358 in 1996, in which this DBV changed from
a highly multi-periodic pulsation spectrum to a higher-amplitude, monoperiodic
Figure 6.6 We can investigate how each pulsation samples the star by plotting a
weight function (WFΦ) for each mode. The top panel shows the chemical tran-
sition zones as a function of depth in the star. The bottom two panels show the
weight functions for our best models (which are only marginally constrained) to
represent f1 and f2, respectively. All plots are shown as a function of the “normal-
ized buoyancy radius,” Φ(r), described in Montgomery et al. (2003), where 0 is the
center and 1 is the surface of the WD. The corresponding mass fraction is shown at
the top of this figure.
181
pulse shape, indicating a rapid thinning of the convection zone during this event
(Provencal et al. 2009, Montgomery et al. 2010).
We have investigated the plausibility of this scenario by comparing two
slightly different theoretical models. Both model WDs have identical masses (0.71
M), effective temperatures (11810 K), and chemical profiles. However, we have
changed the efficiency of convection by varying the mixing length parameter: in
our initial model we use ML2/α=1.23 and in the other we use ML2/α=1.12. This
effectively, albeit superficially, causes the second model to have a slightly thinner
convection zone.
We take the difference of the periods computed by the first model with
the periods from the second to estimate the effect these changes would have on
different modes. We find that even the shortest period ` = 1, k = 1 pulsations
would change in mode period by more than 1 ms from one model to the next. This
result can reproduce the observed rates of period change in WD 0111+0018 if the
timescale of this change in the depth of the convection zone acts on the order a few
decades.
One way to perturb the overall depth of the convection zone is to intro-
duce a gradual change in the global magnetic field strength. In fact, increasing the
global magnetic field from 0 G to 1 kG would effectively change the depth of the
convection zone by the same amount as changing the convective efficiency from
ML2/α=1.23 to ML2/α=1.12 (Montgomery & Vishniac, in preparation). It is possi-
ble then that the rapid period change we observe inWD 0111+0018 could be related
to a secular (or long-term periodic) change in the strength of the magnetic field in
the star. If this is indeed a byproduct of a stellar cycle, we might expect our hereto-
fore secular increase to at some point turn over or in fact become discontinuous
when the magnetic cycle changes course. Future observations of WD 0111+0018
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will help constrain this hypothesis.
Another mechanism that could affect one mode differently than another,
in the way we see in WD 0111+0018, is a changing rotation rate. Rotation will
act to break spherical symmetry, splitting non-radial pulsations into (2` + 1) az-
imuthal components that would normally be degenerate with the m = 0 compo-
nent (Hansen et al. 1977). However, if the rotation rate were somehow to change (a
spin-up or spin-down), only the m 6= 0 components would be affected. If f1 is an
m = ±1mode and f2 is anm = 0mode, a changing rotation rate could explain the
large difference in rates of period change between the two.
Our observed rate of change of period with time for f1 would require the
rotation of the WD to change at a rate |P˙ rot| > 0.3 s yr−1. Such a rapid change
would require a tremendous reservoir of angular momentum to redistribute, and
some place to deposit this energy. This appears especially unlikely given the ob-
servational result that the hot pulsating white dwarf PG1159-035 rotates as a solid
body through more than 97.5% of its mass, indicating that WDs have very little
angular momentum, even at Teff > 80,000 K (Charpinet et al. 2009).
Unfortunately, we do not observe any other multiplet components for f1
or f2, making it difficult to definitively rule out this rotational effect
2. But our
results from the convective light curve fitting discussed in Section 6.4.1 did yield
predictions for the m value of each mode: m = 0 for f1 and m = 0,±1 for f2.
This contradicts the values needed to invoke a changing rotation rate to explain
the different rates of period change between these modes.
Some additional effects intrinsic to the star that could cause phase varia-
2Due to inclination effects, it is not uncommon to see anm = ±1 component of a rotationally split
multiplet and not the m = 0 central component. This is well illustrated for different `,m values in
Figure 1 of Brassard et al. (1995). It is also possible that only one component of a multiplet is excited.
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tions include linear interference (such as beating of closely spaced modes), nonlin-
ear interactions with other modes (such as mode coupling) and a precession of the
rotation axis with our line of sight (Winget et al. 1990). Each of these cases would
simultaneously affect the amplitude of a given mode. Since we do not see evidence
of the amplitudes evolving identically with the phase (comparing Figure 6.2 with
Figure 6.3), none of these are likely responsible for the inferred high rates of period
change in WD 0111+0018.
6.5 Conclusions
As part of a search for substellar companions to isolatedWDs, we have dis-
covered a DAV, WD 0111+0018, with an unexpectedly fast rate of change of period
with time. We see this anomalously high rate reflected in not only the highest-
amplitude mode in the star at 292.9 s but also the two nonlinear combination fre-
quencies that sample this parent mode. All three periodicities are changing at a
rate faster than 10−12 s s−1, more than two orders of magnitude more quickly than
expected from cooling alone in a DAV.
The pulsation period of the other parent mode at 255.7 s is increasing at
a rate at least an order of magnitude more slowly, which allows us to rule out
an extrinsic source of this rapid period change. Instead we are likely observing
a physical phenomena intrinsic to the star acting on a timescale we have not yet
observed in a DAV.
This discovery indicates that our understanding of the expected rates of
period change for the slow and simply evolving DAVs is far from complete. It also
complicates, in a macroscopic sense, our ability to infer the contributions of exotic
weakly interacting particles such as axions to anomalies in the rate of change of
period with time of DAVs.
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We have attempted to use the nonlinear combination frequencies present
in this star as probes of the spherical degree of the two parent modes. Using con-
vective light curve fitting (Montgomery 2005), we find that the 292.9 s mode is best
represented as an ` = 1, m = 0 mode and that the f2 parent mode at 255.7 s best
fits as an ` = 2, m = ±1 mode. This identification, if confirmed, would rule out a
changing rotation rate as the explanation of the rapid period change in the 292.9 s
mode.
Guided by the spherical degrees we identify by this convective light curve
fitting we have found a best-fit asteroseismic model, which is admittedly poorly
constrained. Still, this exercise suggests that f1 is an ` = 1, k = 5mode and f2 is an
` = 2, k = 8mode. We construct a weight function, and show that this solution for
f2 is almost entirely resonant inside the core, and is thus much less sensitive than
f1 to changes in the outer regions of the WD.
We discuss a scenario where a gradual thinning of the convection zone
could be responsible for the rapid rates of period change observed in this DAV.
This thinning could be caused by increasing the global magnetic field by less than
1 kG over a decade. Such a hypothesis is hard to test empirically, although if this
magnetic field change is related to a stellar magnetic activity cycle, we would ex-
pect an eventual turnover or discontinuity in the observed (O − C) diagram.
Independent of the cause of this unexpected period change, we have for the
first time shown that the evolution of nonlinear combination frequencies in a DAV
matches the evolution of their parent modes. This behavior confirms that these
combination frequencies are not independent pulsation modes but rather artifacts
from some nonlinear distortion occurring in the star.
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Table 6.2. Journal of observations.
Subgroup UT Date Length Seeing Exp.
(hr) (′′) (s)
2003a 27 Jan 2003 1.5 2.3 15
02 Feb 2003 0.9 1.6 20
2004a 20 Nov 2003 2.9 2.3 15
30 Nov 2003 3.0 2.4 15
2005a 12 Dec 2004 5.0 2.5 15
14 Dec 2004 4.2 2.7 15
16 Dec 2004 3.4 1.4 15
2006a 03 Dec 2005 3.5 1.8 15
06 Dec 2005 5.4 1.5 15
2006b 30 Dec 2005 3.4 2.0 15
31 Dec 2005 2.8 2.0 15
03 Jan 2006 2.6 1.6 15
2007a 19 Sep 2006 3.1 1.5 15
22 Sep 2006 2.7 1.7 15
2007b 25 Nov 2006 6.1 1.3 10
2010a 23 Aug 2009 2.2 1.6 15
24 Aug 2009 4.2 1.4 15
2010b 15 Sep 2009 5.5 1.5 15
2010c 11 Nov 2009 3.5 1.6 15
17 Nov 2009 3.7 2.7 30
21 Nov 2009 7.4 1.6 30
2010d 12 Jan 2010 3.3 2.1 15
13 Jan 2010 3.6 1.8 15
2011a 12 Sep 2010 3.6 1.1 15
13 Sep 2010 6.0 1.6 15
2011b 07 Oct 2010 4.5 1.3 15
08 Oct 2010 4.3 1.6 15
09 Oct 2010 5.3 1.3 15
2011c 10 Nov 2010 1.7 1.8 15
11 Nov 2010 3.1 1.3 15
2011d 02 Jan 2011 2.8 3.0 20
04 Jan 2011 4.1 1.6 15
05 Jan 2011 1.7 1.7 20
2012a 02 Oct 2011 3.8 1.2 15
03 Oct 2011 2.6 1.2 15
2012b 23 Oct 2011 4.5 1.5 15
2012c 01 Feb 2012 1.2 1.4 15
02 Feb 2012 1.2 2.5 15
03 Feb 2012 1.8 2.1 15
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Table 6.3. Observed times of maximum in WD 0111+0018
Time of Maximum Epoch (O − C) σ
(BJDTDB) (s) (s)
f1 2452668.431022 551 -0.11 4.41
2452968.919383 89176 5.29 1.96
2453353.385279 202569 25.11 1.62
2453709.441810 307583 56.14 1.30
2453725.336726 312271 53.99 1.34
2453999.274020 393065 94.00 1.38
2454064.667839 412352 103.15 1.33
2455067.170353 708026 305.96 1.09
2455089.880472 714724 319.29 1.69
2455152.022733 733052 327.43 0.87
2455209.164001 749905 342.55 1.31
2455452.386565 821640 412.39 1.24
2455477.944792 829178 429.02 1.00
2455511.887808 839189 440.13 1.29
2455565.211171 854916 443.63 1.37
2455837.226626 935143 536.16 1.07
2455857.749832 941196 549.35 1.67
2455959.724574 971272 574.11 2.94
f2 2452668.432414 632 -2.94 6.75
2452968.917516 102179 0.57 3.07
2453353.384106 232107 5.55 2.53
2453709.440530 352434 1.93 2.15
2453725.333732 357805 3.46 2.00
2453999.273126 450381 19.25 2.58
2454064.668563 472481 11.27 2.06
2455067.167424 811269 27.44 1.75
2455089.875468 818943 37.12 2.11
2455152.018898 839944 30.44 1.34
2455209.158663 859254 34.84 2.40
2455452.382727 941450 38.19 1.96
2455477.937402 950086 48.08 1.66
2455511.880763 961557 33.06 1.86
2455565.206336 979578 42.18 2.23
2455837.222237 1071504 49.81 1.65
2455857.743562 1078439 62.61 2.60
2455959.716124 1112900 55.88 4.21
2f1 2452668.432466 1103 -11.08 10.53
2452968.917468 178351 -3.06 3.98
2453353.385256 405138 33.60 3.11
2453709.441750 615166 61.32 2.54
2453725.336700 624542 62.18 2.86
2453999.273975 786130 100.45 2.92
2454064.669411 824705 102.78 2.50
2455067.170145 1416052 297.94 2.62
2455089.878699 1429447 322.50 2.64
2455152.022654 1466104 330.52 1.89
2455209.163883 1499810 342.33 2.46
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Table 6.3—Continued
Time of Maximum Epoch (O − C) σ
(BJDTDB) (s) (s)
2455452.386495 1643280 416.25 2.40
2455477.942967 1658355 427.70 1.97
2455511.885977 1678377 438.32 2.51
2455565.211093 1709832 446.75 3.74
2455837.228208 1870287 536.15 2.18
2455857.747999 1882391 547.15 3.50
2455959.722809 1942543 577.84 5.71
f1 + f2 2452668.431822 1183 -2.87 5.98
2452968.918406 191355 2.36 2.44
2453353.384661 434676 18.53 2.29
2453709.441119 660017 34.57 2.73
2453725.335107 670076 33.47 2.10
2453999.273507 843446 62.98 1.87
2454064.668225 884833 66.87 2.13
2455067.168742 1519295 179.62 2.06
2455089.877753 1533667 191.35 2.44
2455152.020653 1572996 193.66 1.54
2455209.162674 1609160 201.74 2.14
2455452.384498 1763090 242.81 2.44
2455477.940796 1779264 253.35 1.72
2455511.884039 1800746 254.73 1.85
2455565.210077 1834495 254.55 2.49
2455837.225881 2006648 315.02 1.77
2455857.746487 2019635 326.94 2.50
2455959.720129 2084172 341.82 6.59
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Chapter 7
Conclusions and Future Work
This dissertation has been a detailed observational exploration of optical
variability in extremely low-mass (ELM; M ≤ 0.25 M) white dwarf (WD) stars,
and I have been incredibly fortunate to work with a class of stars with such an
immediate and wide-ranging need for high-speed photometric monitoring. These
collectedworks have enabled swift and considerable progress on constraining some
of the fundamental properties of low-mass white dwarfs and their environments,
and have generated considerable excitement in both the binary evolution and stel-
lar pulsation communities. Still, there remains considerable work to be done.
7.1 Discussion of Results
We presented in Chapter 2 high-speed photometry of 20 low-mass WDs in
compact binaries with unseen companions, all of which have orbital periods less
than 4 hr. These observations further constrain the physical and binary parameters
of some of the most compact detached binary systems ever found.
At least eight of these compact systems show high-amplitude tidal distor-
tions from their massive, unseen companions, and at least 10 systems show the
special relativistic Doppler beaming effect. In 2011, before this work began, not
a single tidally distorted WDs was known. We have leveraged the discovery of
the first eight WDs with ellipsoidal variations to constrain the mass-radius rela-
tionship for He-core WDs with masses below 0.2M. We find that these low-mass
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WDs all have radii exceeding 0.05R, consistent with He-coreWDmodels. Match-
ing the derived surface gravities obtained from spectroscopic observations to the
amplitude of the ellipsoidal variations, we have also been able to put marginal con-
straints on the system inclination, which in turn constrains the unseen companion
in these compact binary systems. The shortest-period binaries are strong sources of
gravitational wave radiation, and we expect to use the time-of-minimum of those
that display ellipsoidal variations to detect orbital decay from these waves, which
carry away orbital angular momentum.
For themost compact of these systems, the signature of orbital decay will be
readily observable on short timescales. Indeed, for themost compact detachedWD
system known, J0651+2844, we have already detected andmeasured this signature.
This 12.75-min displays both primary and secondary eclipses, which allow us to
constrain the radii of bothWDs and provide an excellent clock of the orbital period.
The low-mass primary is a 0.26± 0.04M WDwith a radius of 0.0371± 0.0012 R.
Given the derived inclination of 84.4 ± 2.3 degrees from the eclipses and the mass
function, we determine that the much fainter secondary is a 0.50 ± 0.04 M WD
with a radius of 0.0142 ± 0.0010 R. By measuring the changing mid-eclipse times
we have shown that the orbit is decaying at a rate of (−8.9 ± 1.0) × 10−12 s s−1 (or
−0.28± 0.03ms yr−1), in line with the expected decay from general relativity. This
marks the cleanest indirect detection of gravitational waves using visible light.
The work presented here also includes the discovery of the first five pulsat-
ing ELM WDs, which presents the first opportunity to explore the interior struc-
ture of a putatively He-core WD that never initiated core helium burning. Spec-
tral fits indicate these are both the coolest and lowest-mass pulsating WDs ever
found. All have effective temperatures below 10,000 K and masses below 0.25M,
establishing these putatively He-core WDs as a cooler class of pulsating hydrogen-
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atmosphere WDs (DAVs). These stars exhibit long-period variability consistent
with non-radial g-mode pulsations; these are not tidally induced pulsations and
are so far best explained by the same hydrogen partial-ionization driving mech-
anism at work in classic C/O-core DAVs. The two lowest-mass ELM WDs also
exhibit lower-amplitude, short-period variability that is likely evidence for hybrid
acoustic (p-mode) pulsations, which provide an exciting opportunity to probe this
WD in a complimentary way. This marks the first evidence for p-mode pulsations
ever observed in a pulsating WD, after having been predicted more than 30 years
ago. Asteroseismology will go a long way in confirming that these low-mass WDs
indeed have helium cores, and can also probe the star’s hydrogen layer mass and
rotation rate, which in turn constrains hypothesized residual hydrogen burning
and tidal synchronization, since we have detected close, unseen companions for at
least three of these systems.
In tandem with the discovery of pulsations in low-mass, He-core WDs and
given the prospect asteroseismology holds for discerning the interior composition
of these stars, we have searched for pulsations in very massive WDs (M ≥ 1.0
M), as well. This search has yielded the most massive pulsating WD ever found,
GD 518, a 1.2 M WD which may have a highly crystallized oxygen-neon (ONe)
core. We see evidence for multi-periodic luminosity variations at timescales rang-
ing from roughly 425 − 595 s and amplitudes up to 0.7% in this star, although the
pulsations do not appear especially coherent from night to night. This could be an
observable consequence of the WD being highly crystallized; we expect that pul-
sation energy would be largely excluded from any interior crystallized mass, so it
is conceivable that the oscillations in this crystallized WD have less mode inertia
and can vary on shorter timescales relative to the pulsation periods than is usu-
ally the case in canonical-mass, 0.6 M CO-core WDs. This dissertation work has
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thus uncovered both the lowest- and highest-mass pulsating WDs, objects at each
extremum that will shed considerable light on the late stages of binary and stellar
evolution.
In addition to the discovery of pulsations in low- and high-mass WDs, we
have also extended observations of hot, CO-core DAVs as part of a planet search
using the arrival times of stable pulsation modes in these stars. One star in this
sample, WD 0111+0018, shows an anomalously rapid rate of period change in its
highest-amplitude mode that is incompatible with simple Mestel cooling of an iso-
lated WD. This is the most rapid rate of period change ever observed in a DAV,
dP/dt > 4× 10−12 s s−1, well in excess of the theoretically predicted rate of period
change from cooling alone for an 11,810 K WD, which is not expected to exceed
10−14 s s−1. This likely signifies the discovery of a new physical timescale, inter-
mediate between growth-times and cooling times, in the evolution of DAVs.
Finally, we present in the Appendix an exciting consequence of our exten-
sive observing time atMcDonald Observatory: the discovery of the first DAV in the
Kepler field. The spacecraft obtained nearly 1.5 yr of near-continuous (> 90% duty
cycle) observations everyminute on thisWD, marking themost extensive coverage
of any DAV ever obtained.
7.2 Future Work
This dissertation highlights discoveries that have extended the scope of pre-
vious work and opened up fertile new fields of investigation. In some cases it is the
first of many steps on the path toward detailed exploration of exciting new physics.
Most significantly, our refinement of the orbital period in the 12.75-min
J0651+2844 has the potential to position this system as the best-constrained veri-
fication binary for future space-based gravitational wave detectors such as eLISA.
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It is possible that this wonderful binary will be the source of the first directly de-
tected gravitational waves. It is the second-strongest gravitational wave source
known in the mHz regime, for which space-based detectors will be most sensitive,
and it is by far the cleanest strong gravitational wave source, since both stars are
currently detached. We have an estimate of the orbital period currently good to a
fraction of a millisecond, which will give us an excellent test frequency at which
to tune future gravitational wave detectors. Given current design specifics, eLISA
would detect the gravitational wave strain (h ∼ 10−22) from J0651+2844 within its
first week of operation.
In addition, J0651+2844 provides an excellent opportunity to explore the ef-
fect of tides on compact, merging binary systems. On the timescale of a few years
or less it will be possible to measure anymismatch between the observed rate of or-
bital decay and the rate predicted solely by the emission of gravitational radiation.
We expect that these tides will act as a torque to spin-up the WDs if the system is
synchronized, further robbing the orbit of angular momentum and increasing the
rate of orbital period decay. The degree to which this tidal torquing influences the
orbital evolution depends on the effective tidal locking, which is determined by the
physical structure of the low-mass WD. This effect could increase the rate of period
decay by at least 5% if the system is synchronized, depending on the heretofore
unconstrained efficiency of depositing that energy in a 0.26 M WD. Continued
monitoring of this unique 12.75-min system will make for an unprecedented labo-
ratory for testing tidal effects in merging compact binaries.
While J0651+2844 was the first system with a low-mass WD for which we
could detect the orbital decay from gravitational wave radiation, there are two
other exciting systems that can be monitored to make a similar measurement. In-
stead of timing the mid-eclipses, it is possible to monitor the time-of-arrival of the
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minima of the ellipsoidal variations of the 39.1-min binary J0106−1000 and the 88.0-
min binary J1741+6526 to observe the effects of gravitational radiation on the or-
bital period and thus the period of the ellipsoidal variations. Using the ephemeris
established in this dissertation, it may be possible to detect the spin-up of the tidal
bulge within a decade given further photometric observations.
In addition to continued photometry of our compact binaries, there is am-
ple justification for more detailed follow-up observations of the new pulsating
WDs discovered in the course of this dissertation. Further photometric monitor-
ing will better constrain the periods of variability present, and discover any ad-
ditional lower-amplitude oscillations. A huge leap forward is enabled by coordi-
nated global, multi-site coverage using tools like the Whole Earth Telescope (WET,
Nather et al. 1990).
We have already taken the first step along this path; I will lead analysis
of a recent WET campaign on the third pulsating ELM WD found, J1518, which
displays high-amplitude, non-sinusoidal, multi-mode variability. This relatively
bright (g = 17.4mag) WDwas observed for nearly two months in 2013 April/May
as the primary target of XCOV29, the 29th WET campaign. We amassed nearly
54 days of coverage from 19 different sites, yielding a better than 40% duty cycle.
This WET data was obtained too late to be fully reduced and analyzed for this
dissertation, but will be an immediate focus after my defense. Figure 7.1 shows a
preliminary comparison of this WET campaign to our discovery data fromMcDon-
ald Observatory. In fact, this was the first data taken using a share of theMcDonald
Observatory site time on the Las Cumbres Observatory Global Telescope network,
from their 1.0m nodes at Cerro Tololo Inter-American Observatory and at the South
African Astronomical Observatory. Such multi-site, near-continuous observations
will help clean up the spectral windows caused by gapped coverage during our
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Figure 7.1 A comparison of the Fourier transforms of our single-site discovery ob-
servations of J1518 (red) and our subsequent Whole Earth Telescope campaign on
the same star (black). The discovery photometrywas spread over fourmonthswith
roughly 1% duty cycle, while the WET data spans roughly two months with better
than 40% duty cycle. The spectral window of the discovery data is shown in the
bottom panel in red; the much improved WET spectral window is shown in blue.
discovery observations from McDonald Observatory, and will shed considerable
light on the true periods of variability in these pulsating WDs.
The immediate next step will demand that theory catch up with observa-
tions by building a sufficiently robust suite of He-core models required to match
the observed pulsation periods. Fortunately, our discovery of pulsations in ELM
WDs has re-motivated theorists to consider pulsation models of He-core WDs ex-
tending beyond the pioneering work of Steinfadt et al. (2010b); this has already
yielded interesting new results from the Argentinian group (Co´rsico et al. 2012b)
and the extended Montreal group (Van Grootel et al. 2012). The Texas group con-
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tinues to explore the pulsation properties of He-core WDs, and we will use the
open-source stellar evolution code MESA to explore these properties. The fruits of
some of these early MESA models can be found in Figure 4.14 of Chapter 4, but
theoretical results remain unreliable until we can converge on an effective way to
artificially but realistically lose mass from the ELMWD progenitors. Sufficient He-
core WDmodels are needed in order to compare the observed periods to theory so
that we may perform a full asteroseismic analysis of our stars.
A similar future awaits GD 518, the probable ONe-core WD we discovered
in 2013 March. Very few models exist of such a massive WD, but the potential
for this star to constrain both intermediate-mass stellar evolution and Supernova Ia
progenitor systems will likely accelerate theoretical investigation of the pulsation
properties of 1.2M WDs. In many ways, the work has only begun by discovering
pulsations in this ultramassive WD.
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Appendix A
Details of Argos Observations and Reductions
Time-series photometry is the backbone of this observational dissertation.
For handy reference, this appendix outlines the observing and reduction meth-
ods used for the vast majority of this work at McDonald Observatory. Even more
details can be found in the Argos observing manual1, “Observing Variable White
Dwarfs with Argos/Raptor,” which I have worked to update and maintain.
Our observations begin with the Argos instrument, a frame-transfer CCD
mounted at the prime focus of the 2.1m Otto Struve telescope (Nather &Mukadam
2004). Argos2 features a 512×512 back-illuminated, thermoelectrically cooled chip.
Nearly all observations are obtained with 1× 1 binning, which incurs a read noise
of approximately 4 e− r.m.s. At prime focus (f/3.9) our field of view is 2.8 arcmin
on each side; our 13 µm× 13 µm pixels have an image scale of 3.05 pixels arcsec−1.
There is substantial dark current (1− 2 ADU s−1 pixel−1) since we run the CCD at
−30 C. Observations have all been obtained through a 3mm blue-bandpass BG40
filter, which blocks much of the red light contributed by sky noise but lets through
photons from our hotter WDs.
We obtain 30 dark frames at the start of the night, with the exposure lengths
1http://www.as.utexas.edu/mcdonald/facilities/2.1m/Argos-WhiteDwarfPulsations.pdf
2In 2011 December the original Argos camera head was destroyed in an unfortunate accident.
An exact replica from Chris Clemens, Raptor, has since taken its place, although we still use the
original Argos controller box, which was not harmed in the accident. I will continue to refer to this
instrument setup as “Argos” throughout this work, even though all observations from 2012 January
were technically obtained with the “Raptor” camera head.
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we plan to use that night. We obtain dome flats, using a flat lamp controlled by a
variac in order to keep our counts at 20,000− 30,000 ADU pixel−1 (the chip has 1%
linearity below 40,000 ADU and saturates at 65,000 ADU). Our raw science frames
are calibrated by dark subtraction and flat-fielding.
We perform weighted aperture photometry on the calibrated frames using
the external IRAF package ccd hspwritten by Antonio Kanaan (Kanaan et al. 2002);
apertures are extracted with radii ranging from 3−14 pixels, in 1 pixel steps. Using
the software packageWQED, we divide the sky-subtracted light curves by the sum
of the brighter comparison stars in the field of view to correct for transparency vari-
ations, and apply a timing correction to each observation to account for the motion
of the Earth around the barycenter of the solar system (Stumpff 1980, Thompson &
Mullally 2009).
In order to find the optimal aperture size, we reduce each aperture, and
choose the aperture that minimizes the formal uncertainties resulting from a linear-
least squares fit at the known period of variability. If the object is not known to
vary, we choose the aperture with the smallest r.m.s. scatter in the light curve.
Choosing the smallest appropriate aperture minimizes sky noise, which can add
significantly to the noise budget for the faintest stars in our sample. For example, a
4 pixel aperture was chosen for run A2487 on J0106−1000, a g = 19.8magWD+WD
binary. Over-estimating the aperture by a factor of two, using an 8-pixel radius,
introduces more than 60% larger uncertainties in a linear least-squares fit at the
signal of interest, 19.6 min. The difference can be fully appreciated in Figure A.1.
Similarly, for run A2620 on the significantly brighter, g = 17.4 mag WD0751−0141
a 4-pixel aperture yields the best results. An 8 pixel aperture has just 15% larger
formal uncertainties in the signal of interest at 57.6 min. For the faintest targets,
aperture selection is key for optimal results.
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Figure A.1 An illustration of the utility in finding the optimal aperture for faint
objects when observing with Argos. Here we compare the full reductions for
J0106−1000, a g = 19.8 mag WD+WD binary with 1.77% ellipsoidal variations
peaking every 19.6 min, using an aperture with a 4-pixel radius, the optimal choice
shown in black, and an 8-pixel aperture, which is a factor of two too large and
shown in blue. The point-to-point scatter is much greater with the larger aperture
(2.3% for 4-px versus 3.7% for 8-px), as can be seen in the light curve in the top
panel. The Fourier transform for both, shown in the bottom panel, is also consid-
erably noisier for the larger aperture. This run, A2487, was taken on 2011 October
24.
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Appendix B
Discovery of a ZZ Ceti in the Kepler Mission Field
We report the discovery of the first identified pulsating DA white dwarf in
the field of theKeplermission,WD J1916+3938 (Kepler ID 4552982). This ZZCeti star
was first identified through ground-based, time-series photometry, and follow-up
spectroscopy confirm it is a hydrogen-atmospherewhite dwarf with Teff = 11,130±
120 K and log g = 8.34 ± 0.06, placing it within the empirical ZZ Ceti instability
strip. The object shows up to 0.5% amplitude variability at several periods between
800 − 1450 s. Extended Kepler observations of WD J1916+3938 could yield the best
lightcurve, to-date, of any pulsating white dwarf, allowing us to directly study the
interior of an evolved object representative of the fate of the majority of stars in our
Galaxy.1
B.1 Introduction
Hydrogen atmosphere (DA) white dwarf stars account for more than 80%
of all spectroscopically identified WDs (Eisenstein et al. 2006). When these objects
cool to around 12,500 K, the hydrogen in their non-degenerate atmosphere forms
a partial ionization zone, impeding energy transport and leading to global g-mode
oscillations. It is believed that all DA white dwarf stars with carbon/oxygen cores
undergo such pulsations when they reach the appropriate temperature (Castan-
1Significant portions of this chapter have been previously published as: J. J. Hermes, Fergal Mullally, R.
H. Østensen, Kurtis A. Williams, John Telting, John Southworth, S. Bloemen, Steve B. Howell, Mark
Everett, and D. E. Winget, The Astrophysical Journal, 741, L16 (2011)
201
heira et al. 2007), allowing us to probe a stellar population representative of the
fate of most stars in our Galaxy, including our Sun.
Asteroseismologyprovides a unique opportunity to investigate the internal
structure of these stars (see reviews by Winget & Kepler 2008, Fontaine & Brassard
2008). Given enough observedmodes, we can put accurate estimates on the overall
stellar mass, hydrogen and helium layermasses, internal chemical transition zones,
magnetic field strength, and rotation rate. Performing asteroseismology on a WD
benefits from its degenerate interior, which makes its structure less complicated
than for stars still undergoing fusion.
In an effort to reduce aliasing caused by gaps in the data, much effort has
been expended to obtain uninterrupted time-series observations of these variable
DA (DAV) stars (also known as ZZ Ceti stars), using the Whole Earth Telescope
(Nather et al. 1990). However, these ground-based campaigns rarely extend be-
yond a few weeks, fundamentally limited by weather and moonlight, not to men-
tion the availability of telescope time.
Space-based photometry has revolutionized the extended coverage of stars.
The Kepler spacecraft was launched in March 2009, and while its primary mission
is to detect Earth-sized planets around Sun-like stars, its extensive light curves
are transforming many fields in asteroseismology. The spacecraft stares at some
156,000 stars and has the capability to monitor 512 objects with one-minute ca-
dence. Month-long observations typically yield a duty cycle of more than 97%
with micromagnitude precision, depending on the brightness of the target.
Despite an expansive search (Østensen et al. 2010, 2011b) in which 17 com-
pact objects were targeted by Kepler as potential pulsating white dwarf stars, none
were observed to vary above the 4σ detection limit. OneDAV candidate, KIC10420021,
was monitored for 7 months and is stable to at least 60 parts-per-million (ppm). Ke-
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pler has monitored a uniquely variable DA, but that system is best explained by a
magnetic spin-modulated WD model, not by pulsations (Holberg & Howell 2011).
However, as part of a recent auxiliary search, Østensen et al. (2011a) announced the
successful detection of the first pulsating WD in the Kepler field, a V777 Her star. It
was quite a fortuitous discovery, as this was just the second DB found in the field
and has a Kepler magnitude of Kp = 18.46.
Using facilities at the McDonald Observatory in west Texas, we have dis-
covered the first ZZ Ceti star in the Kepler field, WD J191643.83+393849.7 (Kepler
ID 4552982, hereafter WD J1916+3938). This object has a Keplermagnitude of Kp =
17.85 (Brown et al. 2011b). Previous Kepler observations of such faint, blue objects
have reached better than 130 ppm (0.013%) precision with just one month’s worth
of data. Extended short-cadence Kepler observations will provide a detailed look at
the pulsation spectrum of this cool ZZ Ceti star.
B.2 High-Speed Photometric Observations
B.2.1 Selection and Time-Series Photometry
Potential pulsating WDs in the Kepler field were selected from a recent list
of high reduced proper motion stars in the SuperCOSMOS Sky Survey (Rowell &
Hambly 2011). From their catalog of roughly 10,000 candidate WDs, we found 20
that actually fell on Kepler CCDs. Five of those had already been surveyed by Kepler
and found not to vary (Østensen et al. 2010, 2011b).
One of the remaining 15, WD J1916+3938, fell in the footprint of the POSS-II
survey, and showed (B−R), (R−I) colors extremely close to values for a typical ZZ
Ceti star, so it was targeted for time-series photometric observations. The discovery
observationswere taken at theMcDonald Observatory using the Argos instrument,
a frame-transfer CCDmounted at the prime focus of the 2.1m Otto Struve telescope
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(Nather & Mukadam 2004). Data were obtained through a 3mm BG40 filter to
reduce sky noise.
Photometric observations were carried out over 6 nights in May 2011, for
a total of more than 21 hours of coverage. Exposure times ranged from 5 to 15
seconds, depending on seeing and cloud conditions.
We performed weighted, circular aperture photometry on the calibrated
frames using the external IRAF package ccd hsp written by Antonio Kanaan. We
divided the sky-subtracted light curves using at least 3 brighter comparison stars
in the field to allow for fluctuations in seeing and cloud cover. Using the WQED
software suite (Thompson & Mullally 2009), we fit a second-order polynomial to
the data to remove the long-term trend caused by atmospheric extinction, and ap-
plied a timing correction to each observation to account for the motion of the Earth
around the barycenter of the solar system.
Figure B.1 shows a representative light curve, smoothed by a four-point
moving average window for visualization purposes with the brightest comparison
star offset below.
B.2.2 Ground-Based Light Curve Analysis
We performed a Fourier transform of the entire data set, 7454 points spread
over nearly a month for a duty cycle of 3.1% (Figure B.2). This FT extends to the
Nyquist frequency for Kepler short-cadence observations; there is nothing above
the 4σ threshold for higher frequencies. The window function is quite messy, as
there are variably spaced gaps in the data.
While Keplerwill allow us to improve our determination of the periodicities
present in this star, we attempt to identify the periods present in all our May 2011
data. Table B.1 lists the highest seven peaks, all with power above four times the
204
Figure B.1 A portion of the lightcurve for WD J1916+3938, taken on 2011 May 11,
that has been smoothed by a four-point moving average. The red, offset lightcurve
is of the brightest comparison star in the field.
Figure B.2 A Fourier transform of our May 2011 data on WD J1916+3938. The red
transform has been computed after prewhitening by the seven periodicities listed
in Table B.1, which removes all peaks above four times the mean FT level, σ. We
have ignored the low-frequency peaks in this FT, with periods longer than 2,000 s,
which are likely to be noise from variability in the Earth’s atmosphere.
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Table B.1 Frequencies present in WD J1916+3938 from May 3− 31.
ID Freq. (µHz) Period (s) Amp. (%)
f1 1032.1 968.9 0.44
f2 1213.7 823.9 0.38
f3 1070.1 934.5 0.36
f4 1198.9 834.1 0.32
f5 918.3 1089.0 0.25
f6 696.0 1436.7 0.24
f7 854.8 1169.9 0.23
mean FT level. The large aliasing present makes it nearly impossible to determine,
with much certainty, the true periods in this short, ground-based data set, so we
have omitted the formal least-squares errors. It appears this star has several excited
modes between 800 − 1450 s, although the amplitudes appear unstable from night
to night. There is consistently power well above the noise around 970 s and 820 s
each night, although the level of excitation appears inconsistent.
For comparison sake, we also took an FT of all the data for the brightest
comparison star in the field. The average amplitude over all frequency space is
0.03%, the same level as our formal least-squares amplitude errors.
B.3 Spectroscopic Analysis
B.3.1 Spectroscopic Observations
Excitement among the Kepler compact object community, specifically Work-
ing Group 11 within the Kepler Asteroseismic Science Consortium (KASC), led
to multiple spectroscopic follow-ups, and WD J1916+3938 was observed using 4
different telescopes, especially after our first spectrum from the Nordic Optical
Telescope (NOT) confirmed the object as a DA within the ZZ Ceti instability strip.
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Table B.2 Spectroscopically determined parameters.
Instrument Date Observed Coverage (A˚) Teff (K) log g (dex)
NOT/ALFOSC 2011-05-22 3850–6850 11,152 ± 80 8.24 ± 0.06
CAHA/TWIN 2011-06-17 3500–5450/ 11,116 ± 139 8.36 ± 0.09
5700–6790
HET/LRS 2011-06-14 4300–7200 11,104 ± 150 9.51 ± 0.43
KPNO/RCS 2011-06-09 3650–5120 11,115 ± 92 8.43 ± 0.05
Adopted 11,130 ± 120 8.34 ± 0.06
Fits to these observations were used to derive an effective temperature and surface
gravity.
Observations using the 9.2m Hobby-Eberly Telescope (HET) at McDonald
Observatory were carried out with the Marcario Low Resolution Spectrograph
(LRS) using its g2 2.0 setup. The observations using the 2.6m NOT at Roque de
los Muchachos Observatory were done in low-resolution with the ALFOSC spec-
trograph and its grism #7. The observations using the 3.5m telescope at Calar Alto
Observatory (CAHA) were done in medium-resolution with the TWIN spectro-
graph, using grating T06 for the red arm and grating T12 for the blue arm. Finally,
the observations using the 4m Mayall Telescope at Kitt Peak National Observatory
(KPNO) were done in low-resolution with the R-C CCD Spectrograph. Each spec-
tral image and flux standard were reduced using standard long-slit IRAF routines.
TheKPNO spectrumofWD J1916+3938, showing the Balmer lines Hβ through
H9, can be seen in Figure B.3. Overplotted is the best-fit DA model spectrum.
We have fit model grid spectra to each of these observations, using the pro-
cedure outlined in Bergeron et al. (1992). The WD models used for the spectro-
scopic fitting were kindly provided by Detlev Koester and are described in Koester
(2010). Balmer lines in the models were calculated with the modified Stark broad-
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Figure B.3 The KPNO spectrum of WD J1916+3938, showing the Balmer lines Hβ
through H9. Overplotted in red is the best-fit DA model spectrum.
ening profiles of Tremblay & Bergeron (2009), kindlymade available by the authors,
and use the mixing length prescription ML2/α=0.6. Table B.2 lists the best fits to
the observations. Using a weighted mean of all four determinations, we adopt a
best value of Teff = 11,130 ± 120 K and log g = 8.34 ± 0.06. This places the object
within the empirical ZZ Ceti instability strip.
B.3.2 Implications
ZZ Ceti stars at the hotter, blue edge of the instability strip tend to pulsate
with short period (100 – 300 s) modes that have shown to be extremely stable in
period and amplitude. Such stars have been the focus of work to detect an evo-
lutionary rate of period change of these modes (e.g., Kepler et al. 2005, Mukadam
et al. 2009). However, the ZZ Ceti stars near the cooler, red edge of the instability
strip with effective temperatures near 11,000 K typically feature much longer peri-
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ods (> 600 s) and have more excitedmodes. These pulsations are typically unstable
in amplitude and phase.
Spectroscopic fits show that WD J1916+3938 has an effective temperature
that places it in the cooler region of the ZZ Ceti instability strip. This result is duly
confirmed by our time-series photometric observations. WD J1916+3938 shows
long-period oscillations — its weighted mean period (Mukadam et al. 2006) lies
around 1003 s — that do not appear stable in amplitude. For example, during the
runs fromMay 27−29, the power observed in the mode near 824 s went from (0.66
± 0.06)% to (0.88 ± 0.05)% to (0.43 ± 0.05)%, respectively.
Many modes in other cool ZZ Ceti stars have amplitudes that grow and de-
cay in a way that cannot be explained by beating (e.g., Kleinman et al. 1998), so we
expect the same is true with this star. The opportunity for nearly continuous Kepler
observations of this amplitude modulation may afford us a completely new insight
into the growth and decay of mode amplitudes, opening a new window into how
these objects behave on a variety of timescales inaccessible from the ground.
B.4 Discussion and Conclusion
We have discovered just the second pulsating white dwarf in the Kepler
field, and the first ZZ Ceti star suitable for Kepler monitoring. Several modes ap-
pear to be excited from 800 – 1450 s, with a fractional amplitude of up to 0.5%.
Spectroscopic fits yield an effective temperature of 11,130 ± 120 K and a surface
gravity of log g = 8.34 ± 0.06, which corresponds to a mass of 0.82 ± 0.04M from
the evolutionary models of Wood (1990). This spectroscopic temperature puts it
on the cool, red edge of the ZZ Ceti instability strip, where pulsations may begin
shutting down.
Submitted for Kepler observations through KASC, the spacecraft is sched-
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uled to commence short-cadence observations on this ZZ Ceti pulsator in October
2011 (Q11). By virtue of its impressive duty cycle, we anticipate that extended
Kepler observations will yield the best lightcurve, to date, of any pulsating white
dwarf, even those that are more than four magnitudes brighter.
The lightcurves can be analyzed from a variety of asteroseismic angles.
With enough modes, we will be able to put an accurate constraint on the over-
all mass of the WD. Perhaps more importantly, we may also extract an accurate
estimate for the hydrogen layer mass, which controls the rate at which this star
cools. This hydrogen mass fraction has been constrained through asteroseismol-
ogy in fewer than a dozen DA WDs (Dolez et al. 2006), although Castanheira &
Kepler (2009) attempted to derive the parameter from the few modes present in an
ensemble of 83 ZZ Ceti stars. Uncertainties in this parameter is imprinted as scatter
in the white dwarf luminosity function, which is used in cosmochronology to put
an estimate on the age of the Galaxy (e.g., Winget et al. 1987, Harris et al. 2006).
The sensitivity of Kepler observations may also allow us to see a wealth
of low-amplitude multiplet structure. Previous ground-based campaigns on cool
ZZ Ceti stars, such as G29-38, have revealed instability in the amplitude of these
multiplets (Kleinman et al. 1998). ExtendedKepler coveragewill allow us to observe
how the amplitudes of all modes in this star change with time.
ZZ Ceti stars often exhibit some nonlinear combination frequencies, which
are believed to arise from convective driving (e.g., Brickhill 1992, Wu 2001). If
observable, these combination frequencies may be used to identify the spherical
degree of the parent modes (Yeates et al. 2005). With an ideal Kepler lightcurve, we
would be able to compare this mode identification with the ` values as determined
from the period spacings. Pulse-shape fitting of properly identified modes may
also be used to constrain some of the convective parameters in this star, especially
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the depth of the convection zone (Montgomery et al. 2010).
For now, though, we eagerly await the unrivaled staring competition Kepler
will have with this cool ZZ Ceti star.
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